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EXECUTIVE SUMMARY

Experimental Data  Bi-linear Ramp

Y-position (cm)
Areal Density (g/c mz)

P-oo PACXP P-a Menikoff-Kober

-1.5 -1 -0.5 0 0.5 1 1.5
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FIG. A. The mobile pulsed power driver PHELIX utilizes a FIG. B. A comparison of experimental and simulated areal

z-pinch configuration to cylindrically shock compress target densities for CeO2 powder under PHELIX compression. The
materials. In this study, PHELIX is used to compress a CeO2 CeQO2 powder is located in the colored, central region with
powder target. areal density mapped by color. All areal density mappings

are shown at the same reference time.

Cerium(IV) oxide (CeOs) powder is shock compressed using the Precision High Energy-density Liner Implosion
eXperiment (PHELIX) platform. Experimental results are compared against several modeling approaches. Com-
paction behavior is best captured with a P-a model, which calculates CeOy powder bulk densities within 80-99% of
experimental values but overpredicts densification at the cylindrical target’s outer radius and center by up to 20%.
Preliminary calculations suggest that accuracy could be increased with the inclusion of a coupled strength model.

Several common computational modeling approaches for the shock compression response of granular materials
and the magnetohydrodynamic (MHD) force upon the impactor/liner in pulsed power compression experiments are
investigated and analyzed for their validity. The Bi-linear Ramp, P-a PACXP, and P-a Menikoff-Kober continuum
compaction models are calibrated to planar impact Hugoniot data for CeOy powder and used to predict the powder’s
shock compaction response under non-planar shock wave compression. MHD calculations of the PHELIX pulsed power
driver are performed using an idealized resistor-inductor-capacitor (RLC) circuit calibrated to previous experiments.
All simulations are performed using the LANL code FLAG.

Two validation experiments are computationally designed using the calibrated compaction and circuit models,
executed using the PHELIX platform on CeOs targets with initial porous densities of 3.95 and 4.03 g/cm?, measured
with proton radiography, and analyzed against the model predictions. The two P-a models more accurately describe
CeO2 powder densification than the Bi-linear Ramp model. However, the two P-a models overpredict bulk density
of the shock compressed CeOs powder by up to 20% when the appropriate impact velocities are applied. MHD
calculations for both validation experiments underpredict liner impact velocities by 4-11% when using the idealized
RLC circuit model calibrated to previous experiments.

Compensating underpredictions of impact velocity and overpredictions of powder densification lead to a false ac-
curacy in pre-shot calculations compared to experimental data. To improve correlation between simulations and
experiments, the following improvements are suggested:

1. A coupled strength model for CeOsy powder that updates strength as a function of porosity and applied stress.

2. An improved MHD circuit model that more accurately captures the PHELIX machine.
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I. INTRODUCTION

The majority of natural materials are porous. Predic-
tions of how porous materials will react to compressive
loading are commonly performed using compaction mod-
els. These models define the bulk thermodynamic path
that porous materials follow from an initially distended
state to a fully compacted state located on the equation
of state (EOS) surface of its solid form. A diagram illus-
trating this process is shown schematically in Fig. 1.

EOS

Pressure

FIG. 1. Schematic showing how compaction models define
the thermodynamic states of porous materials during com-
pression from their initially porous state to the equation of
state surface of their non-porous form. In the above diagram,
the material’s initially porous state is indicated by ‘A’ and
it’s crush point is indicated by ‘B’. The solid black line ‘A-B’
denotes the locus of porous end states defined by the com-
paction model. After all voids are removed, recompression
occurs along the solid EOS, with a possible trajectory shown
by the line ‘B-C’.

Typically, compaction models are calibrated to planar
impact Hugoniot data then applied to a variety of scenar-
ios, both planar and nonplanar. Two of the most com-
monly used continuum compaction model frameworks are
the P-a and Ramp models.

Recently, Fredenburg and co-workers calibrated func-
tional forms of the Ramp and P-« models to planar im-
pact Hugoniot data for CeOy powder and applied the
calibrated models to simulations of CeOs powder un-
der both planar and one-dimensional (1D) cylindrically
converging shock compression [1]. Both models success-
fully captured the Hugoniot state and a majority of the
particle velocity profiles experimentally measured dur-
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ing planar shock compression, which was expected as
all models were calibrated to similar planar shock com-
pression Hugoniot data. However, the two models pro-
duced opposing simulated pressure and density profiles
for 1D cylindrical shock compression, shown for density
in Fig. 2. At the time of the study, no validation data
were available to determine which model was more accu-
rate for nonplanar geometries.

8.0 1D Cylindrical Model Predictions

P-a
Ramp | 1

7.5

457

4.0 —
00 02 04 06 08 1.0

Radial Distance from Center of Powder (cm)

FIG. 2. Calculated density profiles for CeO2 powder under
1D cylindrically-converging shock compression using the P-«
and Ramp models. All plots display shock profiles 8 us after
the shock has entered the CeOz powder. Data are adapted
from Ref. [2].

Realistic scenarios involving the shock compression of
granular materials are rarely planar, e.g., explosive min-
ing operations, meteoric impacts, soil penetration, etc.
The opposing 1D cylindrical compression profiles calcu-
lated by Fredenburg and co-workers reveal a significant
difference in how porous materials are modeled in non-
planar geometries using the two theoretical frameworks.

The current study investigates the compaction re-
sponse of CeOs powder under cylindrical shock compres-
sion through combined experimental and computational
efforts to determine answers to the following questions:

1. How well do compaction models predict porous ma-
terial behavior under nonplanar shock compression
if the models are calibrated to planar impact data?

2. Which continuum compaction model is most accu-
rate in nonplanar geometries?

3. What is needed to improve accuracy in nonplanar
compaction calculations?



II. CONTINUUM COMPACTION MODELS

Compaction models define the pressure-volume re-
sponse of porous materials to compression. In this study,
two models using the P-a framework and one model us-
ing the Ramp framework are calibrated to the same set
of planar impact Hugoniot data for CeOy powder and
used to predict the nonplanar densification behavior of
CeO2 powder. The resulting predictions are then ana-
lyzed against experimentally measured areal density pro-
files to determine modeling approach accuracies. The fol-
lowing subsections will provide a description of the com-
paction model frameworks investigated.

A. P-a Model Framework

The P-a model framework is commonly used to cal-
culate the bulk densification response of granular and
porous materials to compressive loading. The general
framework for this modeling approach was first described
by Herrmann in 1969 and subsequently modified by Car-
rol and Holt in 1972 [3-5]. The majority of modern P-«
model functional forms build upon the modified Carrol
and Holt version of the P-a model framework.

The P-a model framework describes the thermody-
namic state of porous materials as a function of their
matrix EOS through the distention parameter a:

(1)

where V' and Vg are the bulk volume and matrix volume
of the porous material, respectively, at the same load
pressure and internal energy. Through this definition, as
« approaches 1.0 the material approaches complete void
removal.

To relate pressure in the porous and non-porous forms
of the modeled material, it is assumed that pore bound-
aries are free of traction, such that

P:a_l-PS? (2)

where, Ps and P denote pressure on the matrix EOS
and bulk pressure in the porous material, respectively
[4]. This relation is further enforced given that the ratio
of bulk surface area to matrix surface area in a random
cross section of the porous material should be equal to
the distention of the porous material, « [4].

To calculate bulk pressure in the porous material, pres-
sure in the matrix is first defined as a function of volume
and internal energy:

PS:f(VSaE>7 (3)

where E denotes internal energy on the matrix EOS.
The bulk internal energy of the porous material is as-

sumed to be equal to the internal energy of its matrix

material. As a consequence of this assumption, all en-
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ergy contributions from pore surfaces, particle fracture,
and other mesoscale effects are neglected. Incorporat-
ing this internal energy assumption, the pressure in the
porous material may be determined through the follow-
ing relation:

P=a'f(Vs, E). (4)

Because the distention of the porous material, «, is
defined as a function of volume, the pressure of the solid
material, Pg, can be defined as a function of distention
and internal energy. Through this relation, the general
form of the P-a model framework is defined:

P=a"'f (ZE) (5)

Using this general framework, a variety of P-a model
forms have been produced. The functional form ascribed
to « is the primary discernment between P-a model
forms. Prominent model forms are shown in Table I. In
this study, the PACXP and Menikoff-Kober functional
forms are investigated.

1. P-a PACXP Model

The P-a PACXP model is an empirical, n-term ex-
ponential form of the P-a model available in the multi-
physics code FLAG [10]. In practice, the a functional
form of this model is fit to experimentally measured
pressure-distention (P-«) Hugoniot data for a porous ma-
terial:

apacxp = 1+ Z aexp(—b; P), (6)

=1

where experimentally measured distention values are de-
fined as the ratio of shock compressed volume in the
porous material to solid form EOS volume at the same
load pressure and internal energy.

The flexibility of the P-a PACXP model is its main at-
traction. Given a sufficient number of exponential terms,
this model should be able to fit any data set.

2. P-a Menikoff-Kober Model

The P-a Menikoff-Kober model is a physics-based
model that describes porous material compaction as non-
equilibrium two-phase flow [6]. This model calculates the
porosity, ¢ =1 — é, in a material as a function of the

product of pressure and volume in the material’s solid
form, PsVs:

)

PsVs — PsoVs
¢Menikoff—Kober(PSV5) = ¢oexp <_M> 5 (7

PcVso



TABLE I. P-a Model Functional Forms. Variable definitions and descriptions for each model are available in the associated

references.
Year Developer a Functional Form Ref.
Ps—P?
1969 Herrmann 1+ (ago — l)ﬁ (3]
1969 Butcher & Karnes ap + a1 P+ as P2 [7]
1970 Boade 1+ (ago — 1)exp[—a(Ps — Pg)] 8]
3P\
1972 Carrol & Holt 1+exp|——— [4, 5]
20y
. 1 VSPS—VEJOPO())}l
1999 Menikoff & Kober 1—(1— exp| ———————— 6
[ ( 1—0400) p< VsoFPeo 1)
1
P\ N
2007 Grady (S> [9]
P
- PACXP 1+ ajexp(—b; P) [10]

i=1

where Pgg and Vgg refer to pressure and volume on the
matrix EOS at initial conditions. The parameter Pg is a
fitting parameter with dimensions of pressure that char-
acterizes the compaction behavior of the modeled mate-
rial. Po is not related to the crush pressure, i.e., the
pressure at which full densification first occurs.

The Menikoff-Kober model modifies porous material
internal energy calculations by incorporating a com-
paction potential, B, such that:

¢
Bw) = [ -

where, ¢¢ denotes the initial porosity in the porous ma-
terial and PsVs(¢) denotes the product of pressure and
volume on the matrix EOS. Eq. 8 is only valid when
porosity is being crushed out. Additionally, pressure un-
loading occurs at a constant porosity, such that d¢p=0
and B does not decrease during unloading.

Incorporating the compaction potential B, the pres-
sure in the porous material is defined in the Menikoff-
Kober model through the following relation:

(®)

PMenikoff—Kober = (1 - ¢)f (]_pd)vE - B((b)) . (9)
The resulting P-a Menikoff-Kober model is a thermo-
dynamically consistent physics model containing only a
single fitting parameter, Pc. These properties make the
P-a Menikoff-Kober model attractive as a framework for
building a predictive compaction model.
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B. Ramp Model Framework

The Ramp model framework is a modification of the
‘snow plow’ model used in early studies of porous ma-
terials under dynamic compression [3, 11]. Models using
this framework describe compaction through linear trans-
formations. Ramp models can be employed as either a
continuous linear function (Single-stage Ramp) or a two-
step piecewise linear function (Bi-linear Ramp). In both
cases, Ramp models calculate the pressure in a porous
material as solely a function of shock compressed den-
sity. Pressure is not described as a function of internal
energy in this framework.

The Single-stage Ramp model defines pressure in the
incomplete compaction region through the following re-
lation:

PSinglc—stagc(p) =a (p - ]-) 5 (10)

P00

where p and pgp denote shock compressed density and
initial density, respectively, and a is a fitting parameter
loosely related to the bulk modulus of the porous mate-
rial. If the fitting parameter a is set to a negligible value,
such that any pressure crushes out all of the voids in
the porous material, then the Single-stage Ramp model
represents the early ‘snow plow’ model.

The Bi-linear Ramp model adds a second linear region
to the Single-stage Ramp model, calculating pressure in
the incomplete compaction region through the following



piecewise relation:

, —b
Q(E’O po0 < P < poo’=y
PBi—linear(p) = p a—bc

b <7 — C) P00 5—p < P < Pcrush

PoO
(11)
where a, b, and ¢ are fitting parameters and perusp is
the density at which the ramp pressure and the pressure
predicted by the EOS are equal. Through this definition,
Perush Physically represents the state of the material when
all voids are first removed from the porous material.

C. Sound Speed Calculations

Differences in internal energy formulations between the
P-a and Ramp model frameworks cause differences in
how the two model frameworks treat porous material
sound speed during compaction.

Sound speed is defined as the derivative of pressure
with respect to both density and internal energy. Because
the Ramp model framework does not calculate pressure
as a function of internal energy, sound speeds during com-
paction are defined through the following relation:

) 5P
CRamp = % 5 )

where cramp is the sound speed on the Ramp and the sub-
script F indicates that the partial derivative is taken with
respect to constant internal energy. Contrastingly, the P-
« model framework does describe pressure in the porous
material as a function of internal energy. Sound speed
on the P-a compaction curve is thus defined through the
following relation:

2 (5P> n P <5P)
2 == (2

@ ép ) p? \OF p’
where cp_, is the sound speed and the subscript p in-
dicates that the partial derivative is taken with respect
to constant density. This variation in sound speed defi-

nitions creates variation in how these model frameworks
define material behaviors during pressure release.

(12)

(13)

D. Porosity Retention Upon Pressure Release in
the Incomplete Compaction Regime

The P-a model framework defines void removal as ir-
reversible, such that volume changes upon pressure re-
lease are only a function of matrix expansion. The Ramp
model defines void fraction as reversible until bulk den-
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sity reaches the crush density, perush- As a result, calcu-
lations of late time bulk density in the P-a and Ramp
model frameworks can differ vastly. In the incomplete
compaction regime, late time bulk density in the P-a
model framework will be close to the maximum bulk den-
sity calculated under load pressure. In contrast, because
bulk density in the Ramp model framework follows the
ramp as pressure is released, late time bulk density in the
Ramp model framework will revert to the initial condi-
tion if all pressure is released.

Once all voids are removed, the P-a and Ramp models
both define the porous material through its solid EOS.
As a result, negligible differences are seen in model cal-
culations beyond complete void removal [1].

E. Model Fits to Data

The P-a PACXP, P-a Menikoff-Kober, and Bi-linear
Ramp models are calibrated to the same set of planar
impact Hugoniot data. It is important to note that by
treating the planar impact stresses as pressure, shear
stresses are neglected during this fitting process. All cal-
ibration data were measured during gas gun experiments
performed on CeOs powder targets with initial pressed
densities of 4.03 g/cm?®. Calibration data and model fits
are shown in Fig. 3. Generally, the P-a models more
accurately fit the full experimental data set.

6.0 !

—— Gas Gun Data !

50 | === Solid Hugoniot :

= Ramp i

o 40 P-a PACXP i
O} P-a MenKo A

Oaol  JI !

= sor S ;

207 i

i i

10/ i

i

0.0 ' : .

4.0 5.0 6.0 7.0
Density (g/cm3)

FIG. 3. Hugoniot data and compaction model fits for CeO;
powder with an initial porous density of 4.03 g/cm3. Hugoniot
data was collected via gas gun planar impact experiments [12—
14].



III. EXPERIMENTAL DESIGN AND METHODS

The pulsed power driver PHELIX is used to dynam-
ically load CeOy powder. The densification response of
the CeOy powder is directly measured with time-resolved
proton radiography. Impact velocity is determined by
tracking the PHELIX liner in radiograph frames prior
to impact. The following subsections cover the design,
fabrication, operation, and characterization of the PHE-
LIX driver, powder capsule target assembly, and proton
radiography diagnostic.

A. What is PHELIX?

PHELIX is a mobile pulsed power driver that delivers
a cylindrically converging dynamic load to a target ma-
terial. During an experiment, PHELIX is moved into the
Los Alamos Neutron Science Center (LANSCE) beam
line for in situ proton radiography imaging. A typi-
cal PHELIX load cassette is comprised of concentrically
nested cylindrical metal conductors separated by a high
density polyethylene (HDPE) insulator. The liner mate-
rial is pushed radially inwards by electro-magnetic force
when current flows across the surface of the liner and
return conductor, causing the liner to strike a target ma-
terial. Details of the design and operation of the PHELIX
pulsed power driver are available in Refs. [15-17]. A di-
agram of the PHELIX load cassette is shown in Fig. 4,
with parts and proton beam direction labeled.

Target Region

Return Conductor
Insulator

Liner

Glide Plane

Proton Beam

FIG. 4. Diagram of the PHELIX load cassette showing a
cross section oriented parallel to proton beam direction. Red
dashed arrows indicate the 37 mm field of view.

B. PHELIX Load Cassette Computational Design

Design of the PHELIX load cassette was performed us-
ing the LANL code FLAG. Details of the computational
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design process and final dimensions of the PHELIX load
cassette are available in a report by Voorhees and co-
workers [2]. The final design of the PHELIX load cassette
is shown schematically in Appendix A with labeled parts
and dimensions. The PHELIX load cassette fabrication
and assembly process is covered in detail in Appendix B.

C. Powder Capsule Fabrication

Two CeOs powder compacts were fabricated using a
four-post hydraulic press and pressing fixture. The press-
ing fixture design and intermediate stages of the pressing
process are shown in Fig. 5. Using this pressing fixture,
two CeOq powder compacts were pressed to initial porous
densities (pgo) of 3.95 and 4.03 g/cm? inside thin cylin-
drical aluminum tubes. Measurements of powder com-
pact thicknesses were taken during intermediate stages of
the pressing process using a high-precision length gauge.
Once the powder was pressed to density, aluminum end
caps were placed on the two open ends of the tube. The
end caps were pushed into the tube such that they were
fully in contact with the pressed powder. The powder
capsule target, shown in Fig. 5(d), is assembled from the
pressed powder, aluminum tube, and two aluminum end
caps. Volumes of the pressed CeOs powder compacts
were calculated using measurements of the powder cap-
sule assembly dimensions. Final dimensions and densities
of the two powder compact targets are shown in Table II.
Further details of the powder pressing and characteriza-
tion process are published in a report by Dunwoody and
Nelson [18].

TABLE II. Final dimensions and densities of the two cylin-
drical powder compacts tested.

Target Mass(g) Thk.(mm) Diam.(mm) p(g/cm®)
Comp-1 19.967 9.975 2.539 3.95
Comp-2  19.916 9.748 2.539 4.03

D. Powder Capsule Characterization

In order to determine if any bulk density gradients were
present in the pressed powder compacts, computed to-
mography (CT) scans of the assembled powder capsules
were performed using the LANL Microtron [19]. Powder
capsule assemblies were placed on a rotating stage, off-
center from the axis of rotation of the stage. A total of
600 radiographs were taken for each capsule, rotating the
sample stage from 0.6 to 360° in equiangular steps. For
all Microtron radiographs, the imaging beam was sent
through the aluminum cylinder wall of the powder cap-
sule. A flat panel X-ray detector with an active area of



FIG. 5. Powder pressing fixture and intermediate stages of the
powder pressing process. (a) Schematic showing an exploded
view of the pressing fixture. The green disc, part 2, is 25.4
mm in diameter. (b) Assembled pressing fixture with ram
partially pushed down. (c) Picture of CeO2 powder surface
inside of pressing fixture. The ram has been removed from
the pressing fixture so that the CeO2 powder is visible. (d)
Assembled powder capsule target with end caps in place. The
outer diameter of the powder capsule target is 29.4 mm.

409.6x409.6 mm and a uniform 100x100 pm pixel size
was used for all radiographs, producing CT scans with a
voxel size of approximately 100x100x100 pm.

The Comp-1 powder capsule (pgp = 3.95 g/cm?) was
imaged using 6 MeV electron pulses, 20 mA beam cur-
rent, and 120 Hz beam frequency. During imaging, sen-
sitivity of the flat panel X-ray detector was set to 0.5 pF
and images were taken at a rate of 1 frame/second. CT
cross sections of the Comp-1 powder capsule are shown
in Fig. 6(a-c).

CT cross sections of the Comp-1 powder capsule CT
scan show no discernible density gradient at the imaging
resolution, meaning the CeOy powder was pressed to a
homogeneous bulk density. A cupping artifact is present
at the powder-aluminum tube interface, resulting in a
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Middle, z=0.50cm Bottom,z=0.03 cm

Top,z=0.90cm

Top,z=0.90cm Middle, z = 0.50 cm

Comp-2

FIG. 6. CT scan cross sections of the Comp-1 and Comp-
2 targets examining CeO2 powder bulk density distribution
near the top, middle, and bottom of the powder capsule. Im-
age pixel intensity scales with transmission such that brighter
shades correlate with higher densities in a given material. In
all cross sections, the CeO2 powder is located in the center of
the image, surrounded by the aluminum capsule. Top images
display cross sections in the r-6 plane while bottom images
display cross sections in the r-z plane. Lower cross sections
show a thin horizontal blue line where the -6 cross section
is taken. Faint, ring-shaped reconstruction artifacts exist in
all cross sections. (a-c) CT scan cross sections of the Comp-1
target. Cupping artifacts are seen at the powder-cylinder wall
interface. (d-f) CT scan cross sections of the Comp-2 target.
Lower cross sections of the Comp-2 target are shown closer
to the cylinder wall, i.e., not through the radial center of the
powder.

bright ring. Proton radiographs of the powder capsule
prior to impact, shown in a later section in Fig. 13, do
not exhibit this artifact, confirming that the bright ring
at the powder-aluminum tube interface in Fig. 6 is a cup-
ping artifact created during CT reconstruction and not
caused by density gradients in the CeOs powder com-
pact. Faint shadows of concentric rings emanating from
approximately the same (r,d) location are shown in the
three lower cross sections in Fig. 6(a-c). These concen-
tric rings are imaging artifacts created during CT recon-
struction and are not physically present in the powder
compact.

To reduce the presence of CT reconstruction artifacts,
X-ray panel sensitivity was set to 0.25 pF and a 0.5 mm
tantalum filter was added to reduce beam hardening dur-



ing imaging of the Comp-2 powder capsule. Imaging
rate was not changed. CT scans of the Comp-2 powder
capsule assembly were performed using 6 MeV electron
pulses, 20 mA beam current, and 120 Hz beam frequency.
CT cross sections of the Comp-2 capsule are shown in
Fig. 6(d-f).

CT scan cross sections of the Comp-2 powder capsule
assembly, shown in Fig. 6, exhibit a homogeneous density
in the powder compact at the imaging resolution. A faint
cupping artifact is present at the powder-tube interface,
reduced in magnitude from the amount shown in scans
of the Comp-1 powder capsule assembly by the tantalum
filter and X-ray panel sensitivity settings.

No significant bulk density gradients were observed in
either the Comp-1 or Comp-2 powder capsule targets
prior to PHELIX compression.

E. Proton Radiography: Areal Density Calculation

In situ imaging of the compaction event was performed
at the LANSCE Area C: Proton Radiography Facility
(pRad) using 780 MeV proton pulses and an X3 magni-
fier magnetic lens system. Transmission, T, of the proton
pulses through the PHELIX cassette generates contrast
in the resulting proton radiographs. This image contrast
is used to determine the areal density, p4, of the CeOo
powder during compression through the following equa-
tion:

T = exp(—;—p;‘) : [1 —eap (-295/‘(%)} . (14)

Where Ar is the nuclear interaction length, 6¢ is the an-
gular acceptance angle defined by the collimator, and 6y
is the multiple Coulomb scattering (MCS) accrued in the
imaged object. The first term in Eq. 14 describes attenu-
ation caused by nuclear interactions, in accordance with
Beer’s law, and the second term describes the acceptance
of the system. The MCS accrued in the imaged object is
described by:

13.6MeV T x
0p= ——,/— |14+0.038In | ——— 15
0 Bp \/XO|: n(XO"‘F)] (15)

Where ( is the relativistic velocity of the proton, p is
the proton momentum, X is the imaged object’s radia-
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tion length, and F' is an amount of fixed radiation lengths
added for calibration. The input values used in Egs. 14
and 15 to calculate areal densities in the Comp-1 and
Comp-2 experiments are shown in Table III.

TABLE III. Input values for Egs. 14 & 15, used to calculate
areal density in the Comp-1 and Comp-2 experiments.

Ar(g/cm?) Xo(g/em?) Oc(mrad) B p(MeV/C)F (g/cm?)
1003 9.421 75  0.842 1465  0.09544

It is important to note that the fixed radiation length,
F, causes the extracted areal densities to only be repre-
sentative of the CeOy powder, causing measurements to
only be valid within the radius of the powder. Calculated
areal densities are subsequently normalized to the known
absolute mass of CeOs in the powder capsule.

F. Proton Radiography Image Timing

Image timing is defined by when proton pulses are
sent through the sample. Planned proton pulse timing
for the first compaction experiment, Comp-1, was deter-
mined through preliminary simulations of the PHELIX
compaction experiments using the LANL multi-physics
hydrocode FLAG. Details of pre-shot simulations are re-
ported by Voorhees and co-workers in the related Pre-
shot Report [2]. The Ramp and P-a compaction mod-
els defined a set of two spatial and temporal cases for
when the induced densification wave would radially tran-
sit through the CeOy powder compacts. To accommo-
date both wave transmission possibilities, proton pulse
timing was conservatively set to observe the predicted
shock phenomena of both models. Proton pulse timing
and predicted shock phenomena for the Comp-1 com-
paction experiment are shown in Table IV.

After the first experiment was successfully completed,
proton pulse timing for the second experiment, Comp-2,
was planned according to a mixture of P-a model pre-
dictions and preliminary results from the Comp-1 exper-
iment. During the second experiment, an opportunity
arose to field an additional 10-frame camera, so image
timing for the second experiment was designed to collect
images of primary focus using the seven 3-frame cam-
eras, with the possible addition of intermediate images
using the additional 10-frame camera. The planned tim-
ing map for the second compaction experiment is shown
in Table TV.



TABLE IV. Planned camera image timing showing the occurrence of simulated and observed events for the Comp-1 and Comp-2
experiments. Actual images were taken 0.040 ps early and 0.022 ps late for the Comp-1 and Comp-2 experiments, respectively.

Comp-1: PRAD 0697

Frame Planned Time(ps) Camera ID Simulated Event Prediction Observed Event

1 12.00 T Liner enters field of view (Ramp & P-«). Liner is visible.
2 13.00 H

3 13.40 K

4 13.80 N

) 14.20 7

6 14.60 Q Liner impact (Ramp & P-«).

7 15.00 1 Shock is visible in powder.
8 15.40 U Shock enters powder (Ramp & P-a).

9 17.00 o

10 18.60 I

11 20.20 8

12 21.80 L

13 23.40 R

14 24.60 v Just before shock on axis (Ramp).

15 25.00 2 Shock on axis (Ramp).

16 26.60 9

17 28.20 P Just before shock on axis (P-a).

18 29.00 J Shock on axis (P-a). Shock appears to reach center of powder.
19 29.80 M

20 31.40 S

21 33.00 3 Shock reflection on IR (Ramp).

Comp-2: PRAD 0698

Frame Planned Time(ps) Camera ID Simulated Event Prediction Observed Event.
1 8.70 Go Liner enters field of view (P-a).
2 9.10 Gy
3 9.50 T
4 9.50 Ga
5 10.90 G3
6 12.30 H Liner is visible.
7 12.60 K
8 12.90 N
9 13.20 7
10 13.50 Q Liner impact (P-a).
11 13.80 8
12 14.10 1 Shock enters powder (P-a). Shock is visible in powder.
13 15.40 U
14 16.05 G
15 16.70 O
16 17.35 Gs
17 18.00 I
18 18.65 Gs
19 19.30 9
20 19.95 Gr
21 20.60 L
22 21.25 Gs
23 21.90 R
24 22.55 Gy
25 23.20 A%
26 24.00 2
27 24.50 3 Shock on axis (P-a).
28 25.00 P
29 25.50 J
30 26.00 M
31 26.50 S Shock appears to reach center of powder.
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IV. SIMULATION METHODS

Simulations of both the MHD drive conditions on the
PHELIX liner and the compaction response of the CeO9
powder are performed using the LANL multi-physics
code FLAG, version 3.8.Alpha.13 [10]. The following
subsections will detail the approach used in designing
simulations and determining model input values.

A. Magnetohydrodynamic (MHD) Modeling

PHELIX is a pulsed power driver that utilizes MHD
to push a liner material radially inwards. To predict the
impact velocity of the PHELIX liner, MHD modeling is
performed in FLAG.

The magnetic force upon the PHELIX liner is calcu-
lated as the cross product of liner current and magnetic
field [20]. The dynamic current flowing through the liner
and return conductor is calculated by modeling PHELIX
as an idealized RLC circuit, shown in Fig. 7. In this
circuit, inductance of the MHD module is calculated as
the time varying material-dependent inductance of the
insulator region, which is between the liner and return
conductor shown in Fig. 8. At time zero, the circuit is
switched closed and the capacitor discharges. The cur-
rent through the liner follows a damped sine wave profile.

R, 36mQ

FIG. 7. Idealized RLC circuit model used in FLAG to simu-
late PHELIX. At time zero, the circuit switches closed.

B. Material Model Inputs

All metallic materials are modeled using a SESAME
EOS and a strength model. Both the vaccuum and insu-
lator regions are modeled as nonconductive ideal gases.
CeO2 powder is modeled using the SESAME 96172 EOS
coupled to either the Bi-linear Ramp, P-a PACXP, or
P-a Menikoff-Kober compaction model [21]. No strength
model is applied to the CeOs. Further details of FLAG
simulation material inputs and implementations are pre-
sented in the pre-shot report by Voorhees and co-workers
[2]. Material definitions for each simulated PHELIX part
are shown in Table V. Part names are in reference to
those labeled in Fig. 8.
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TABLE V. Material models used in FLAG to simulate the
PHELIX load cassette. PTW and KOS are representative of
the Preston-Tonks-Wallace and Kospall (Steinberg-Cochran-
Guinan) strength models [22, 23].

Part Material EOS Strength  Ref.
Sample CeO2 SESAME 96172 - [21]
Driver AL 6061  SESAME 3720 KOS  [23]
Gap Vacuum Ideal Gas (y=5/3) - -

Liner Al 1100 SESAME 3720 PTW [24]
Insulator ~ Polymer Ideal Gas (y=7/3) - -

Ret. Con. Al 6061 SESAME 3720 KOS [23]
Gl Plane Al17075  SESAME 3719 KOS  [25]
End Cap Al 6061  SESAME 3720 KOS  [23]

4 4

1 &< FOV=37mm - 1

Target Region

End Cap

Liner

Return Conductor

Insulator

Cylindrical Driver
End Cap

Powder Sample
Glide Plane

FIG. 8. Labeled diagram of the PHELIX load cassette.

C. PHELIX Liner Impact Velocity Predictions

PHELIX capacitor voltage and liner thickness are the
two principal variables controlling impact velocity. To
determine capacitor voltages and liner thicknesses that
yield CeOs shock compressed bulk densities below full
compaction, MHD simulations are first performed using
a psuedo-one-dimensional geometry. This simulated ge-
ometry neglects 2D and 3D effects on liner drive condi-
tions, e.g., shearing of the liner against the glide planes
and bowing of the liner during compression.

Psuedo-one-dimensional MHD simulations are per-
formed by modeling a single row of cells with uniform
element lengths and mirror boundary conditions on the
top and bottom axes in axisymmetric, cylindrical coor-
dinates. These simulations model the PHELIX load cas-
sette from the radial center of the CeOy powder to the
outer radius of the return conductor. The simulated ge-
ometry is shown schematically in Fig. 9. Simulated liner
velocities are output using simulated velocimetry probes
in FLAG.



Vacuum Gap
Al Driver
CeO, Powder

Al Liner !

Polymer Insulator

Al Return Conductor

FIG. 9. Schematic of the one-dimensional axisymmetric cylin-
drical geometry used in initial scoping computations.

A liner thickness of 1.25 mm and capacitor charges
of 85-90 kV produce impact velocities in the range 0.7-
1.0 mm/ps. At this impact velocity range, all of the cal-
ibrated powder compaction models predict CeOy shock
compressed bulk densities below full compaction. The
Comp-1 and Comp-2 experiments were thus designed to
field capacitor charges of 85 and 90 kV, respectively.

After completing pseudo-one-dimensional scoping cal-
culations, simulations are scaled up to two-dimensional,
axisymmetric coordinates for quarter symmetry calcula-
tions.

D. CeO; Powder Compaction Predictions

To predict powder compaction behavior under PHE-
LIX compression, quarter symmetry simulations are per-
formed in FLAG using two-dimensional, axisymmet-
ric coordinates. An example visualization is shown in
Fig. 10. During these simulations, arbitrary-Lagrangian-
Eulerian (ALE) approximations are dynamically made to
alleviate mesh tangling where necessary. A uniform mesh
element length of 50 pm was used for all quarter symme-
try simulations based on a separate mesh convergence
study.

Time = 25.001us

FIG. 10. Example of FLAG quarter symmetry simulation.
Time is shown with respect to PHELIX current initiation.
CeQ2 spatial density is shown as a filled contour map.

Proton radiographs yield projected areal density maps.
To directly compare simulations to experiments, simu-
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lated areal density maps are calculated using Eulerian ray
tracers in the proton beam direction at the same spatial
resolution as proton radiography output data. An exam-
ple of a quarter symmetry simulation applying Eulerian
ray tracers is shown in Fig. 11. These Eulerian ray tracers
are applied through the full geometry of the simulation,
but are defined to only output areal density of the CeOq
powder, powder capsule wall, and PHELIX liner.

Density
7.00

6.00

5.00

4.00

FIG. 11. Eulerian ray tracers are shown as black lines overlay-
ing a quarter symmetry simulation. Ray tracers shown in this
figure are for visualization purposes and are at a coarser scale
than those used to produce areal density maps and profiles.

Simulated areal density can be compared with experi-
mental radiography data as profiles or maps. Areal den-
sity profiles (areal density as a function of radius) are
directly output by the Eulerian ray tracers. By plot-
ting these data symmetrically about the radius, simu-
lated areal density maps can be produced. An example
simulated areal density map is shown in Fig. 12.

Simulated Areal Density Mappings

Bi-linear Ramp
1.5

0.5

Y-position (cm)
Areal Density (g/cmz)

P-a Menikoff-Kober
-1.5 -1 -0.5 0 0.5 1 1.5
X-position (cm)

P-a PACXP

FIG. 12. Simulated areal density mappings for CeO2 powder
using the Bi-linear Ramp, P-a PACXP, and P-a Menikoff-
Kober models at the same reference time. Time is shown
with respect to PHELIX current initiation. Simulated areal
density mappings are created to be directly comparable to
proton radiography images. These areal density maps show
the full 3.7 cm field of view and are scaled to the same pixel
spatial resolution as proton radiography images.



V. EXPERIMENTAL RESULTS

5.5

4.5

Areal Density (g/cm2)

5.5

4.5

Areal Density (g/cmz)

20 mm

FIG. 13. Areal density mappings calculated from proton radiographs taken during compaction for the Comp-1 and Comp-2
experiments. The six radiographs taken prior to impact are not shown, but are available in Appendix D. Areal densities are
only valid within the radius of the CeO2 powder. Image times are shown in the top left of each frame.
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16.960 s

—
™

24.560 us
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FIG. 14. Heat maps of experimentally measured areal density distribution as a function of radial distance from CeO2 powder
center. Average response is shown as an overlaid black line. All axes are equally scaled.

Two PHELIX compaction experiments were performed
on CeOy powder compacts with initial porous densi-
ties of 3.95 and 4.03 g/cm?® using capacitor charges of
85 and 90 kV, respectively. During the Comp-1 and
Comp-2 compaction experiments, twenty-one proton ra-
diographs were taken using seven 3-frame cameras at the
same downstream imaging location. During the Comp-2
compaction experiment, ten additional radiographs were
taken using one 10-frame camera at an imaging location
further downstream. Due to re-imaging and increased
distance, the ten images taken at the further imaging
location exhibit significant limning and are not used to
calculate areal density. Radiographs taken using the 10-
frame camera are shown in Appendix D. Montages of
areal density mappings for the Comp-1 and Comp-2 com-
paction experiments are shown in Fig. 13.

In the areal density mappings for both experiments a
sharp shock front is seen that transmits to the center of
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the powder. This shock front decreases in density mag-
nitude and appears to increase in radial thickness during
propagation towards the powder center.

Areal densities from each radiograph are extracted as a
function of radial distance from the center of the powder
to quantitatively analyze the experimental radiographs.
Powder radial center locations are determined by fitting
a circle to the CeOy powder circumference in each ra-
diograph. Areal densities and radial distances from the
circular center of the CeOy powder are calculated for
each pixel in each radiograph. These data are bivari-
ately binned and counted to determine the distribution
of areal density measurements at each radial location.
The average densification response of the CeOs powder
is determined as the average areal density at each binned
radial distance. Heat maps showing both the distribu-
tion and average of the CeOy powder response at early,
middle, and late shock times are shown in Fig. 14.



VI.

Validation of the MHD modeling used in FLAG simu-
lations is determined by how accurately liner impact ve-
locity and liner current profiles are predicted using only a
pre-shot calibrated circuit model. The following subsec-
tions will cover how experimental impact velocities are
calculated from proton radiographs and validation of the
liner impact velocities and liner current profiles for both
the Comp-1 and Comp-2 experiments.

A. Liner Impact Velocity Comparison

During both the Comp-1 and Comp-2 experiments, a
grouping of proton radiographs were taken prior to pre-
dicted impact times to track liner positions and calculate
impact velocities. Liner positions are determined using
the average areal density profiles obtained in the preced-
ing section, shown in Fig. 14.

Comp-1
Exp Data
————— FLAG Data
14.560 us
14.160 us
18.760 us r——
13.360 us h
12.960 us
2 11.960 us ——

w

Normalized Areal Density (arb)

1.7 1.6
Radial Position (cm)

FIG. 15. Normalized and shifted areal density profiles for
Comp-1 during the first six proton radiography image frames.
Impact direction is to the right, indicated by colored arrows.
Experimental data is plotted as a solid line, while simulated
data is plotted as a dash-dot line. Image times are shown in
the legend for each imaging frame. The left vertical axis rep-
resents the edge of the proton radiography field of view (1.85
cm) while the right vertical axis represents the powder cap-
sule cylinder wall outer radius (1.47 cm). Tick marks indicate
extracted liner position values.

Experimental and simulated areal density profiles are
cropped to the region between the outer radius of the
powder capsule (1.47 c¢cm) and the proton radiography
field of view (1.85 cm). The high magnetic field oc-
curring between the liner and return conductor during
current flow causes proton beam deflection, making all
experimentally measured areal densities at radii greater
than the liner non-physical. To account for this, experi-

LA-UR-20-25126

13

ANALYSIS AND VALIDATION: MHD MODELING OF LINER DRIVE CONDITIONS

mental areal densities are further cropped to remove non-
physical areal densities occurring beyond the liner outer
radius.

Liner thickness in the proton radiography direction de-
creases as the liner is pushed inwards and sheared by the
glide planes. This causes the apparent liner areal density
to decrease as the liner moves inwards. To mitigate this
effect, areal densities in the region of interest are normal-
ized such that the lowest areal density is subtracted from
the full profile, then the maximum areal density is nor-
malized to a value of 1. Plots of normalized areal density
as a function of radial position for the first six proton
radiography frames are shown in Figs. 15-16.

Comp-2

Exp Data
————— FLAG Data <
13.522 us
13.222 us
12.922 us
12.622 us
12.322 us
9.522 us

w

Normalized Areal Density (arb)

1.7 1.6
Radial Position (cm)

1.8

FIG. 16. Normalized and shifted areal density profiles for
Comp-2 during the first six proton radiography image frames.
Formatting is identical to Fig. 15. A double humped den-
sity profile feature occurs in the fifth (13.222 ps) and sixth
(13.522 ps) frames that is not seen in the areal density pro-
files for the Comp-1 experiment.

Experimental and simulated liner areal density pro-
files exhibit significantly different shapes. The experi-
mental areal density contours show a profile similar to
a normal distribution while the simulated areal density
profiles show a much sharper trapezoidal density profile.
This discrepancy in density profile shape may be caused
by blur in the experimental data from the liner being
off focus due to energy loss. Additionally, bowing of the
liner as it is driven inwards may cause blurring of ap-
parent areal densities, as the rear surface of the liner is
affected by a significant magnetic field. These compound-
ing factors obscure the exact position of the liner in the
radiography data.

Liner position is defined at 25, 50, and 75% of the
maximum liner areal density on the impacting surface
for imaging frames that do not intersect with the 1.47 or
1.85 c¢m radial boundaries and also do not show a double
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FIG. 17. Extracted position and time for the Comp-1 and
Comp-2 experiments and simulations. A scatter plot shows
the full position of the density curve from 10-90% of normal-
ized areal density. Tick marks indicate the 25, 50, and 75%
positions.

humped density profile. Tick marks on the liner areal
density curves in Figs. 15-16 indicate the selected posi-
tions used to calculate velocity. This extraction process is
performed on both the experimental and simulated areal
density profiles so that experimental and simulated ve-
locities can be directly compared. Liner positions as a
function of time for Comp-1 and Comp-2 are shown in
Fig. 17.

To determine impact velocity, a linear fit is applied to
the 25, 50, and 75% positions in Fig. 17. The slope of
this linear fit yields a range of potential impact velocities
for both the experimental and simulated data. Simulated
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FIG. 18. Calculated experimental and simulated impact ve-
locities for Comp-1 and Comp-2. 25, 50, and 75% extraction
bars indicate slopes of the upper, middle, and lower trend
lines in Fig. 17.

liner velocities are also directly output using a simulated
velocimetry probe in FLAG. Calculated impact velocities
for the Comp-1 and Comp-2 experiments are shown in
Fig. 18.

Simulated impact velocities determined using the
density-position-time extraction process are shown as al-
ways slightly lower than the directly output simulated
velocimetry probe values. This difference in velocity cal-
culation may be caused by a slight acceleration of the
liner just before impact, which was predicted in pre-shot
calculations [2]. This suggests that experimental impact
velocities calculated using this extraction process may
also be slightly lower than actual impact velocities. Fur-



ther experiments employing direct velocimetry are neces-
sary to determine accuracy of the density-position-time
velocity extraction process. Average experimental and
simulated impact velocities are reported in Table VI.

TABLE VI. Impact velocities (Vimpact) and ranges (max-min)
for Comp-1 and Comp-2 experiments and simulations.

1D Vimpact (mm/ps) Range (mm/ps)
Comp-1 Exp. 0.749 +0.028
Comp-1 FLAG-2D 0.715 -
Comp-2 Exp. 0.888 +0.063
Comp-2 FLAG-2D 0.793 -

Simulations underpredict impact velocities by 4.5%
and 10.7% for the Comp-1 and Comp-2 experiments,
respectively. The ranges in experimental impact veloc-
ity measurements are +3.7% and +7.1% of the Comp-1
and Comp-2 impact velocities, respectively. Because per-
cent differences and experimental measurement ranges
are similar in magnitude, it is difficult to determine the
exact extent to how much simulations underpredict im-
pact velocity. However, it is apparent that simulations of
the Comp-1 experiment are in greater agreement with ex-
perimental observations than simulations of the Comp-2
experiment.
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FIG. 19. Experimental and simulated liner current profiles.
Maximum experimental current is labeled near the peak po-
sition. Simulated currents are plotted for the 2D FLAG sim-
ulations. Impact time is indicated with a vertical line.
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B. Liner Current Comparison

Current through the PHELIX liner drives the MHD
calculations. Experimentally, this current is measured
by sending linearly polarized light through a fiber op-
tic cable in close proximity to the liner-return conduc-
tor transition. The flowing current induces a magnetic
field that creates birefringence in the fiber optic loop.
Induced polarization rotations in the fiber optic are mea-
sured in quadrature and used to calculate the current
flowing through the liner. Measured current profiles from
the Comp-1 and Comp-2 experiments are shown in com-
parison to simulated currents in Fig. 19.

Liner velocity directly scales with the time integral of
squared liner current, i.e.,

t
VLineT N/ jZdta (16)
0

where Vi ;ner represents liner velocity, j denotes liner cur-
rent, and ¢ is time [20]. To make a direct comparison of
liner driving forces, the time-integrated current for both
experiments and simulations is numerically calculated us-
ing a trapezoidal approximation. Comparison plots of
time-integrated current profiles are shown in Fig. 20.
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At the time of impact, indicated by a grey vertical
line in Figs. 19 and 20, simulations of Comp-1 overpre-
dict time-integrated current by 2.6%, while simulations
of Comp-2 underpredict time-integrated current by 2.9%.
The overprediction in time-integrated current for Comp-
1 is caused by a 3.3% overprediction in simulated peak
liner current: 3.931 MA simulated versus 3.810 MA ex-
perimental, shown in Fig. 19. The resulting overpredic-
tion in time-integrated current is reduced by a compen-
sating error in liner current oscillation frequency. Both
the Comp-1 and Comp-2 simulations calculate a slightly
faster current oscillation frequency than the experimen-
tally measured data, as shown by zero-crossing positions
in Fig. 19. Given the same peak current, a faster cur-
rent oscillation should result in a lower time-integrated
current.

The 2.6% overprediction and 2.9% underpredictions
of time-integrated current both ultimately contribute to
4.5% and 10.7% underpredictions of liner impact velocity
for the Comp-1 and Comp-2 experiments, respectively.
The ~6% range in percent differences for the Comp-1 and
Comp-2 experiments is common for both liner impact ve-
locity and integrated current at the time of impact. This
suggests that impact velocity errors resulting from using
the idealized RLC circuit may not scale linearly.

The differences between the experimental and simu-
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lated liner current profiles dictate that the idealized RLC
circuit and circuit parameters used to simulate current
flowing through the PHELIX MHD module may not ad-
equately describe the PHELIX machine. Increasing in-
ductance in the RLC circuit model would yield a de-
creased peak current and increased oscillation frequency.
Similarly, modifications to resistance in the RLC circuit
model would yield improved current profile correlation.
However, these types of modifications to RLC circuit pa-
rameters are empirical and limited to calibrations against
prior experimental data. These circuit model parameter
improvements cannot be fine tuned preemptively.

Section Conclusion

MHD calculations underpredict impact velocity by 4-
11% when using an idealized RLC circuit model that is
calibrated to prior PHELIX experiments of similar load
cassette geometries. These results suggest that the ide-
alized RLC circuit model used to simulate the PHELIX
load cassette may not adequately capture the full com-
plexities of the PHELIX machine. Improvements to the
circuit model used in FLAG to define the PHELIX ma-
chine may improve MHD calculations of liner drive con-
ditions.



VII.

Powder compaction model validity is determined by
how accurately each compaction model captures the ex-
perimentally measured shocked density profiles in the
CeOy powder during PHELIX compression. To isolate
powder compaction physics, simulated impact velocities
are calibrated to match those calculated from radiogra-
phy data in the preceding MHD model validation sec-
tion. A common reference time for simulations and ex-
periments is defined with respect to shock wave entry into
the CeOs powder. Percent differences between the simu-
lated and experimental areal densities are calculated and
used to determine which model best describes the CeO4
powder densification behavior.

A. Simulated Impact Velocity Calibration

To isolate powder compaction physics, simulations are
performed at experimentally measured impact velocities.
Circuit model inputs are calibrated by performing 2D
quarter symmetry simulations with a range of input ca-
pacitor voltages. All other circuit parameters are held
constant. Simulated liner velocity profiles using capaci-
tor voltages ranging between 85 and 110 kV are shown
in Fig. 21.
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FIG. 21. Simulated liner velocity profiles at different simu-
lated capacitor voltages. Calculations are performed in FLAG
using 2D axisymmetric quarter symmetry geometry. Impact
time is shown as a sharp decrease in velocity. Impact ve-
locities are shown as numerical labels near the peak velocity
position.
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FIG. 22. Simulated liner velocity as a function of simulated
capacitor voltage. A cubic function is fit to the data and
shown as a dotted line. The equation for this cubic function
is shown below the curve, where Vimpact indicates simulated
liner impact velocity and C' indicates simulated capacitor volt-
age. Data points are colored to match the velocity profile
traces in Fig. 21.

The impact velocities determined in Fig. 21 are used to
calibrate impact velocity as a function of capacitor volt-
age. The calibration curve is a cubic function, shown in
Fig. 22, where Vippact and C' denote liner impact velocity
and capacitor charge, respectively.

The cubic function shown in Fig. 22 is used to de-
termine simulation inputs that yield the experimentally
determined impact velocities shown in Fig. 18 and Ta-
ble VI. Capacitor voltages determined using this cali-
bration curve produce simulated impact velocities within
~2% of the target values.

B. Reference Time Calibration: Shock Entry Time

A common reference time is required to directly com-
pare the simulated and experimentally measured CeOo
powder time-dependent densities. In the present analy-
sis, time zero is defined as the point at which the shock
wave first enters the CeOy powder. This reference point
is chosen because densification of the CeO4 creates a high
contrast signal, making the shock front directly observ-
able and trackable in the proton radiographs.

Shock entry time is experimentally determined by
tracking the shock front position in the experimentally
measured areal density profiles during the first five ra-
diographs that exhibit any CeOs powder densification:
frames 6-10 for Comp-1 and frames 7-11 for Comp-2.
Shock front positions are manually selected from each
of the areal density profiles for these images. Shock front
position-time data is then fit to quadratic and cubic func-



Comp-1‘ Shock Frolnt Positionl

o
€ 0.7 ® Breakout Position “;»""’ 1
L | [ Quadratic Fit 5
& 0.8 [ |--=---- Cubic Fit Y
= -
= s
809 e
o i
+— s
c 1 &

o (.f'{
C £
SRRL &
g ~
<12} 't
n _;714.50 14.61 . ,
14 16 18 20
Time From Current Initiation (us)
Comp-2 Shock Front Position
N ; : . v
& L ® Breakout Position d
o 0.6 Y -
= || Quadratic Fit yd
A — Cubic Fit o
0.8 /
e 's
+— 0.9 //
5
i Ve
S 1.1} s
121
2 21341 13.45 , ,
14 16 18 20
Time From Current Initiation (us)
FIG. 23. Experimentally observed shock front positions.

Shock front positions are manually selected from the areal
density profiles. The lower limit of the y-axis indicates the
outer radius of the CeO2 powder (1.27 cm). Times at which
the cubic and quadratic functions cross 1.27 cm are shown at
the bottom of the plot, color-coded to match the correspond-
ing function.

tions. Plots of shock front position as a function of time
are shown with functional fits in Fig. 23.

Shock entry time is calculated by extrapolating the
quadratic and cubic fits in Fig. 23 to the time at which
the shock front position is at the outer radius of the CeO4
powder: 1.27 cm. The average of these two extrapolated
shock entry times is used to define time zero in the exper-
imental data. Uncertainty is reported as the difference
between the two extrapolated times.

Simulated shock entry times are determined by visu-
alizing the 2D quarter symmetry simulations with the
software Ensight 10.1 [26]. The first simulated time
step that shows any densification of the CeO2 powder is
defined as the reference time for each simulation. Uncer-
tainty range in simulated shock entry time is defined as
one visualization time step, 0.10 ps. Shock entry times
for both the experimental and simulated data are shown
in Table VII.

Shock entry times in the simulated and experimental
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TABLE VII. Comp-1 and Comp-2 experiment and simulation
shock entry times with respect to PHELIX current initiation.

Identification Shock Entry (us)  Uncertainty (ps)
Comp-1: Exp. 14.55 0.11
Comp-1: Sim. 14.20 0.10
Comp-2: Exp. 13.43 0.04
Comp-2: Sim. 12.60 0.10

data occur at different times because of how the MHD
force on the liner is simulated. In order to achieve the ex-
perimentally measured impact velocities, simulations are
pushed to higher simulated capacitor voltages, yielding
higher peak currents and subsequent accelerations than
the experimental data. Following the initial acceleration,
liner velocity trends towards a near constant velocity be-
fore impact, as shown in Fig. 21. It is assumed that the
increased simulated capacitor voltage and initial acceler-
ation applied to the simulations does not affect densifi-
cation of the CeOy powder because of the near constant
velocity achieved just before impact.

C. Compaction Model Comparison & Validation

With a common reference time determined, experimen-
tal and simulated areal density profiles can now be di-
rectly compared. For brevity, this subsection will focus
on the Comp-1 experiment at two time frames: (1) when
the shock has transited approximately halfway through
the powder in the experimental data, and (2) the latest
time recorded experimentally, representing the late time
shock compressed bulk density in the CeOs. Analyses
of the Comp-2 experiment yield similar results, shown
in Appendix E. Montage figures comparing experimen-
tal and simulated areal densities for the Comp-1 and
Comp-2 experiments at all time steps are shown in Ap-
pendices F and G.

Areal density profiles and percent differences for the
Bi-linear Ramp model are shown in Fig. 24. Gener-
ally, the Bi-linear Ramp model does not capture the ex-
perimental data well. The Bi-linear Ramp model over-
predicts densification at the shock front and predicts
that bulk porosity is recovered in the CeOs after pres-
sure is released. The Bi-linear Ramp model overpredicts
compaction wave velocity compared to the experimental
data. At late times, the Bi-linear Ramp model predicts a
rebounding shock wave off the radial center of the CeO4
powder. No shock wave rebounds are experimentally ob-
served. Percent differences between the Bi-linear Ramp
model predictions and the experimental data are calcu-
lated with respect to the experimental data.

Comparisons of the P-a PACXP model calculations
to experimental data are shown in Fig. 25. The P-a
PACXP model provides a better fit to the experimental
data than the Bi-linear Ramp model. The P-a PACXP
model overpredicts densification at the outer radius of
the powder, exhibiting a maximum percent difference of
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20.0% at the outer edge. This percent difference reduces
to zero as radius decreases towards 0.7 cm. In the inter-
mediate radius regime, 0.25 - 0.75 cm, the P-a PACXP
model provides a good fit, with percent differences aver-
aging -1.0%. The P-a PACXP model also overpredicts
densification at the center of the powder, with a maxi-
mum uncertainty of 15.5% occurring at zero radius and
the latest time step. The P-a PACXP model success-
fully captures the pressure release behavior of the gran-
ular CeQOg, retaining shock compressed bulk density.

Similar to the P-a& PACXP model, the P-a Menikoff-
Kober model also provides a good fit to the experimental
data in the intermediate radius regime, while overpre-
dicting densification in the outer radius and center of
the powder. The maximum percent difference for the
P-a Menikoff-Kober model occurs at the outer radius,
with a peak value of 20.3% that reduces to zero as ra-
dius decreases towards 0.7 cm. The maximum percent
difference at zero radius occurs at the latest time step,
with a maximum value of 15.8%. Comparisons of the P-
a Menikoff-Kober model calculations and experimental
data are shown in Fig. 26.

Comparing the model predictions in Figs. 24-26, it is
observed that the P-oe PACXP and P-a Menikoff-Kober
compaction models more accurately capture the exper-
imental density profiles than the Bi-linear Ramp com-
paction model. The P-a PACXP and P-a Menikoff-



Kober models produce nearly overlaying density profiles,
suggesting that densification calculations are dominated
by the general framework of the P-o model, rather than
the a functional forms. None of the investigated com-
paction models completely and accurately capture the
experimentally observed CeQ; areal density profiles.

D. Compaction Models Neglect Shear Behavior

Compaction models typically do not capture shear
behavior. The cylindrical compression of a material
produces significant shear loading. Compaction models
are designed to only describe the hydrostatic, pressure-
volume response of a material to symmetric loading. De-
viatoric responses to shear loading are typically defined
using strength models.

For low strength materials, such as ductile powders,
deviatoric responses to shear loading are commonly cap-
tured with a hydrodynamic, zero-strength assumption.
However, solid CeOs is a high-strength material with a
yield strength in the range of ~1.0-2.6 GPa [27]. The high
strength of solid CeOs suggests that the bulk strength of
CeO powder is not negligible and that the application of
a hydrodynamic assumption may not adequately capture
material response.

To capture the shear behavior of CeOs under cylindri-
cal loading, a strength model for porous CeO5 needs to be
defined and calibrated. Currently, there are minimal ex-
perimental data to calibrate a strength model for porous
CeO2 that updates strength as a function of changing
porosity and stress during compaction. In order to cre-
ate or calibrate a strength model for porous CeQOs, the
strength of CeOy during compaction needs to be experi-
mentally measured.

E. Modeling CeOs; Powder With Strength

In a first step towards modeling CeOy powder com-
paction with shear behavior, 2D axisymmetric quarter
symmetry simulations of the Comp-1 and Comp-2 ex-
periments are performed modeling CeOs powder with the
P-a Menikoff-Kober compaction model described previ-
ously and a decoupled Kospall strength model [23]. This
Kospall model is calibrated to diamond anvil cell (DAC)
data for solid CeOs and implemented in the FLAG code
as a set of tabular pressure vs. yield points [28]. In
FLAG, an assumption is made that the strength of the
porous material linearly correlates with the strength of
the solid material as a function of porosity, i.e.,

¢)Gsolid- (17>

where, G represents shear modulus and ¢ represents frac-
tional porosity. This linear approximation is the sim-
plest interpolation method between strength in the fully
solid and fully void states.Comparisons of the simulated

Gporous = (1 -
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served areal density profiles.

and experimental areal density profiles for Comp-1 are
shown in Fig. 27. Comparisons of the simulated and ex-
perimental data at all time-steps are shown in Appen-
dices F and G.

While this uncoupled compaction and strength mod-
eling approach is not thermodynamically consistent, cal-
culations using this approach reduce densification over-
predictions and provide a better qualitative fit to the
general shape of the experimental areal density profiles
at late times, when compared to calculations using only
the hydrostatic P-a models. More specifically, the addi-
tion of strength reduces areal density overpredictions at
the outer radius during all time steps investigated and
removes areal density overpredictions at the radial cen-
ter during late times. As shown in Fig. 27, this method
produces an overall underprediction in densification at
late times, with an almost constant percent difference
between the simulated and experimental areal density
profiles <4.5% within radial locations <1.0 cm.

Furthermore, wave front magnitude is significantly de-
creased in the simulations that incorporate strength, re-
ducing correlation in areal density profile shape during
early and middle shock times. The reductions in wave
front magnitude and underpredictions of bulk densifica-
tion indicate that either the strength model, the calibra-
tion technique, the linear approximation in Eqn. 17, or



a combination of these factors are not adequate to cap-
ture the interplay between the strength, compaction, and
porosity behavior of CeOy powder under dynamic load-
ing.

In many instances, strength has been found to be
strain-rate dependent. In these calculations, the strength
of CeQs is calibrated to quasistatic DAC data. Re-
cently, Lang and co-workers experimentally investi-
gated the dynamic behavior of near-solid density CeOs
(poo = 93% TMD) via planar impact experiments [27].
In this work, the same tabular Kospall strength model
for solid CeOy was applied to simulations of the planar
impact experiments. Lang and co-workers observed that
the Kospall model, when coupled to the CeO, EOS and a
snow-plow porosity model, was unable to capture a ma-
jority of the experimentally measured particle velocity
profiles, overpredicting particle velocity and underpre-
dicting elastic wave speeds in the near-solid CeOs [27].
The inability of the model to reproduce the experimental
wave profiles indicates that the tabular Kospall strength
model used, calibrated to quasistatic DAC data, does not
capture the dynamic strength of solid CeOy well either.
To better describe the dynamic strength of solid CeOs,
dynamic strength measurements, such as pressure-shear,
may be needed for appropriate model calibration.

An additional factor that should be considered is that
the strength of porous CeOs is likely over-approximated
by the linear assumption applied to shear modulus in
Eqgn. 17. Sound speed at zero pressure can be approxi-
mated as the square root of bulk modulus divided by den-
sity. Generally, the bulk moduli of highly porous granular
materials do not vary linearly with void fraction, but in-
stead show either a piece-wise, quadratic, or exponential
increase with decreasing void fraction [29, 30]. Recent
research by Voorhees and co-workers on the compaction
behavior of CeOs powder as a function of initial pressed
density has determined that bulk sound speed increases
with decreasing void fraction at a quadratic or exponen-
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tial rate [31]. Shear modulus and bulk modulus should
vary similarly with void fraction for porous materials,
thus agreement between simulation and experiment in
the present investigation may be improved by redefining
the relationship between shear modulus and porosity in
Eqn. 17 to something that varies in an exponential or
quadratic manner.

The decoupled approach to modeling both compaction
and shear behavior exemplified in the present investiga-
tion shows better agreement with the late-time densifi-
cation response than when modeling the dynamic event
with hydrostatic compaction alone. However, this ap-
proach is not thermodynamically consistent and does not
fully capture the transient behavior. To better match ex-
perimental data, the authors suggest co-calibrating com-
paction and strength models for CeO5 against dynamic
compression data sets, redefining the relationship be-
tween porous and solid shear moduli in Eqn. 17 to vary in
an exponential or quadratic manner, and experimentally
investigating the dynamic strength-porosity behavior of
porous CeQOs at a range of initial pressed densities.

Section Conclusion

The Bi-linear Ramp model does not accurately cap-
ture CeO5 compaction behavior. P-a compaction models
better describe CeO4 densification behavior than the Bi-
linear Ramp model, but overpredict densification by up
to 20% at the radial edge and radial center when the ap-
propriate impact velocities are applied. Simulations us-
ing a decoupled P-a Menikoff-Kober compaction model
and Kospall strength model achieve percent differences
<4.5% within radial locations <1.0 cm at late times. The
addition of an improved coupled strength model for gran-
ular CeOs should improve simulation correlation.



VIII.

Often times simulations are used to predict how com-
plex, untested systems will react to a variety of loading
conditions - mechanical, electrical, thermal or otherwise.
Because these systems are untested, inputs for the pre-
dictive models are not influenced by data from the ex-
periments they are trying to predict.

In this validation section, areal density predictions
from simulations using only pre-shot calibrated MHD
circuit models and powder compaction models are com-
pared with the experimentally measured areal density
profiles. Modeling approach validity is determined by
how accurately these models calculate the densification
behavior of the CeOy powder under PHELIX compres-

ANALYSIS AND VALIDATION: PREDICTIVE MODELING

sion with no influence from the actual experimental data.

A. Predicted Density Comparison & Validation

Comparisons of model areal density calculations to ex-
perimental data are shown at early, middle, and late
shock times in Figs. 28 and 29. In all figures, time is
shown with respect to when the PHELIX capacitor is dis-
charged, i.e., current flow initiation. Percent differences
are calculated with respect to the experimental data.
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FIG. 28. Model comparisons for the Comp-1 experiment at early, middle, and late shock times. All simulations are performed
using pre-shot calibrated material and MHD circuit model parameters. The top row of figures displays Bi-linear Ramp model
predictions, the middle row displays P-a PACXP model predictions, and the bottom row displays P-a Menikoff-Kober model
predictions. Reference times for each comparison are shown in the top middle of each frame. Percent differences between the
model predictions and experimental data are shown as area plots, with respect to the experimental data.
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Pre-shot Calibrated Model Predictions & Comparisons: Comp-2
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FIG. 29. Model comparisons for the Comp-2 experiment at early, middle, and late shock times. All simulations are performed
using pre-shot calibrated material and MHD circuit model parameters. Figure formatting is identical to Fig. 28.

Densification predictions using the Bi-linear Ramp
compaction model do not correlate with the experimen-
tal data. Predictions using the P-a PACXP and P-a
Menikoff-Kober models are within ~3-15% of the exper-
imentally measured areal density profiles for both the
Comp-1 and Comp-2 experiments. These percent differ-
ences are lower than the ~5-20% value produced when
modeling the Comp-1 experiment with experimental im-
pact velocities, shown in the preceding section, Figs. 24-
26. At first glance, this finding suggests that modeling
the system using only pre-shot calibrated models should
yield higher accuracy densification results; however this
improvement is caused by compensating errors.

In the preceding sections, it was determined that MHD
models underpredict impact velocities by ~5-12% when
pre-shot calibrated circuit model parameters are applied.
Additionally, the two investigated P-a powder com-
paction models were shown to overpredict CeOs pow-
der densification by ~5-20% when the appropriate liner
impact velocities are applied. Lower impact velocities
yield lower input shock stresses and thus lower shock
compressed densities. The compensation of these under-
and overpredictions are causing simulated areal densities
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to appear more accurate, creating a false confidence in
simulation predictions.

Section Conclusion

Compensating errors of impact velocity underpredic-
tions and powder compaction overpredictions lead to a
false confidence in simulated predictions of the PHELIX
compaction experiment when pre-shot calibrated model
inputs are applied. These findings suggest that (1) the
currently used MHD circuit models and powder com-
paction models must be improved before they are applied
to predictive modeling scenarios and (2) multiple types
of validation data must be collected during validation
experiments to determine the deficiencies of each type
of model applied in predictive simulations. If the only
data collected from the PHELIX compaction experiment
were CeO9 powder areal densities, simulation predictions
would be considered higher accuracy than is true. It is
only because of the discovery of errors in simulated liner
impact velocity that the full deficiencies of the powder
compaction models are observed.



IX. SUMMARY & CONCLUSIONS

This study investigates the validity of (1) modeling brittle, granular media under nonplanar shock loading using
continuum compaction models calibrated to planar impact Hugoniot data, (2) modeling liner drive conditions in a
pulsed power driver using an idealized RLC circuit model calibrated to previous experiments, and (3) predicting
how brittle, granular media will compact under pulsed power driven nonplanar shock loading using both of the
aforementioned pre-shot calibrated compaction and circuit models. In this study, CeO2 powder is used as a model
brittle, granular media and the PHELIX mobile pulsed power driver is used to apply nonplanar shock compression
loading to the CeOs powder. Projected areal densities of the CeOs powder are experimentally measured with proton
radiography. Simulations are run using the LANL code FLAG, version 3.8.Alpha.13.

Comparing the experimental and simulated PHELIX liner velocity data, it is determined that MHD calculations
underpredict impact velocity by 5-12% when using an idealized RLC circuit model calibrated to prior PHELIX
experiments with similar load cassette geometries. From the CeQO; areal density profiles displayed in Fig. 30, it is
observed that the P-a models more accurately capture compaction response than the Bi-linear Ramp model. The
Bi-linear Ramp model does not capture CeO5 powder compaction behavior at any of the time steps investigated. Both
of the investigated P-a models produce areal density profiles similar in shape to experimental data, but overpredict
CeOs densification response by up to 20% at the radial edges and centers when the appropriate impact velocities are
applied. Compensating errors of impact velocity underpredictions and powder compaction overpredictions create a
false confidence in simulated predictions of the PHELIX compaction experiment when only pre-shot calibrated model
inputs are applied.

These findings suggest that both the MHD circuit models and powder compaction models must be improved before
they are applied to predictive modeling scenarios. The addition of a coupled strength model for granular CeOq that
is able to update as a function of porosity should improve correlation between model predictions and experimental
data for nonplanar shock compaction. Improvements to the circuit model used to simulate the PHELIX machine in

FLAG should improve calculations of liner impact velocities.

Bi-linear Ramp P-a PACXP P-a Menikoff-Kober P-a MK + Kospall
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FIG. 30. Comparisons of experimental and simulated CeO3 areal densities profiles for the Comp-1 experiment. All simulated

impact velocities were calibrated to match the Comp-1 experimental impact velocity. Time stamps are shown with respect to
the time at which the shock first enters the CeOs powder.
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Appendix A: PHELIX Load Cassette Final Design: Drawings and Dimensions

|7 3468cm OR. RC

- 2.170¢m LR, LINER -

CeO, Powder Compact
Return Conductor
HDPE Insulator

800"

Liner

Driver
Glide Planes
End Caps

1,000 cm RETURN COND

127 cm INSULATOR

125 cm LINER

FIG. 31. Cross sectional view of the PHELIX load cassette showing finalized dimensions of the PHELIX experimental chamber.
If not specified, dimensions are displayed in inches, with mm values in brackets. The cylindrical CeO2 powder compact is
contained entirely inside the cylindrical driver and end caps. The CeOs powder compact is located in the radial center of the
PHELIX load cassette.

LA-UR-20-25126 27



! , ¥

L 1 z 1 s 1 . 1 8
TH T S g anows | WY ] PPIPAPTIOAAISY GUEL LR oivoussvo 1 -8 31VvOS
00-1-"V1-LdWOO-XTHd a 25 HSINI WOLLOE ANV dOL TVOIdAL
ey oNsiag = JTENENRET Ity 1> 0z 3VOS V-Y NOILDO3S
ATaN3SSY o4 5000 F X00KX g Tv.i3a
1394V1 L-dWOO LULVL | OUNINIARYAY, 00 F 00c [ )
XI13Hd P 00462
v Em o) = ]
SHSLY OOIXIN MIN ‘SOWe[Y SO Luzyiz oo T b OFX AT
AMOLVYOEVT TVNOLLYN SOWVTV SOT[ 5va | awuwos | aaion ssmuinio Seamn ?mv:v \
1817 sped 0 /O
WaLl IVIF3LVYIA NOILdI¥OS3a 7 YIGWNN Lyvd ALD 4q a
1| 1909 whuwnly H3ANITAD LF9¥VL 1-dWOD| 00-6-8V.L-LdNOOXTHd| + \
Z | 1909 whuwnyy, 0-5-8VL-FdWOOXTHd N F_Sw.._%
€ | 1909 Wnuwnyy, 0-L-9Y L LdNODXTHd| L lzzvol n%mw.o
v N-YNNg| 0YNA 02 ‘SO WW| X WWgZ ‘ONIN-O| z LuvdV .06 VN XIANI - L00
SIIL SHOM NI S '900v0 NV} *
-5 'ALISOOSIA MO 'L¥Vd 2 'AXOd3 I
NOISST¥dWOD TVNId
404 dvO NOIS3a
levol fo00'01]
e _ 500 ot loov's]
e881)6G/ees  |[IVIOL 000t @
666LL AXOd3 6200l
61vs6z 2000 | §
58,06 VD NI dOL JONVHVITO 0400 1000 1 Ho%wow_
68iv'6 dvD N3 WOLLOg 3903 34N
8 68/98 S3ANITAD
SLHOIIM Q3LYWILST o
looo'ze]
998 1909 1V
fooo'l
9z
—

Qvyd 1V FLLISSVI XI13Hd NO

dAL ‘ATENISSY TYNIH LY
FONIYAS HLIM AXOd3 LOIrNI

A_oco zel
998"

RCAR

99/By~ OL A3SSTHINOO
32IS F10ILMVd WU 002 - 02
29/6z~ ¥3AMOd 2020

a@vyd .1V 3113SSVD XI73Hd NO

WVIYLSNMOQ ONIOOTMIIA 730 [y SLIISSVO XTI N
- I
o | =
|
e} 7 o
|
avaa o 7 avad o
o = [[+— — N L i LHOIE wvy3g
LHOI Wv3g m + 7 v ¢ T gl ¢ v
|
o | o
|
(e} 7 o
avdd® do1 ava WDOO& avy dOolL
Y3IN3D 123rg0o
O T 3 T S T z T 8

28

LA-UR-20-25126



S 1 9

mmmmm

ngy | 77 7 PETTEY A = oNomd|

3113SSvD JIsvd
1-dNOO
XIN3Hd

218/ | 093D T
»»»»» Nl

SPSLY OOIXI MAN ‘Sowe[y SO

AJOLVIOEVT TVNOLLVN SOAVTV SOT| =

PCEIN EEENERENT G L oEYX
uuuuuuuuuu

§\\

2

. \\\\\N\N\\\\\\\

T:¢ 3OS
O0-0 NOILLD3S

139¥V1 A319WISSY

[00 28]
NOH LSV'LB

T:6TT3IVOS
V-V NOLLO3S

3] %4

MOQNIM

IVANIWIEIAX3 |

[ooz1]
214

M3IA dOL

WVIILSdN ONIIOOT MIIA

QO 1398vVL
[68°82%]
LEVLD

al 1398vL
[ov'szg]
000'L%

HIWHOISNVAL
40 SIXY
IVINOZIIOH NO

29

LA-UR-20-25126



L 7 1 7 z | € Il 4 AW S L 9 1 L 1
b0 L I 1w dnows avos| T ASSY TVININIEIAXE 1GNP onnvowwvouaissyio
00-1-ASSV-dXTXHd q 2 e g v.i3a
e oo B many sl ) 5 o _ . ~
LT XTI
AT19NISSY o sa % o0ox \&‘“Wwv\tv“‘v“‘vw‘vﬂ\“‘\‘w
IVANIWIEIAXT L-dWOD R ARSI
XM3Hd pEsoasssisTRes
v mond 0 S RS
GPSL8 OJIXIIN MAN ‘SOWE[Y SO Livz |ooame T R34 dVO HIV wwj R dvO HIv wwj
AMOLVIOLVT TYNOLLVN SOWVTV SOT [ =va SunivNors 10N SISO SN P
58y
B
i

R
S5

%524

58

WNNJOVA 3did Wv38

5%

=
555
52%¢

3
R
R

R

WNNOVA 3did Wv3g

e ot
UATIIIT XISy

S o
A‘\A“Q‘W“Q\A&‘\

£l 29" = ANNOVA TVINIWIEIIX3

o
a0

R

R

S

SS300V VIONAld L0'6

CB—~_
7 Hmuﬂ\_aﬂz%///

i ASRanwng

=

3

o
R

SR

R

R
R

S$S300V vIONAld 96'04

SR

TR
S

5

R
R

S

e iy
i

R
R

5
X
N

)
o)

D f
AL 2

v [Ny =— aa jizs2ezs h
X N — e 5
B 9540 A B B e 8
L 52

N

30

T

B

k‘\

KU,

L f/%%%%

T2 | : e N SRS
%% . L N LR

RN
SRR
T

09743 B B = 7 ‘
Vi 5”%&&”&&”&&&

\\t\‘v\‘\‘-\

S

y = 8
LY !

\mﬂh/ﬁ&/y TR

PloIYS Sugaq SS IleM 590 v&&”ﬁ&

smojjeg SS I1eM 900 \4 y =

S

B

b

R

R0
N

&
oA

3
R

R

R

152

PIaIYS sugaQ SS IIBM S90° ==

Smojjeg SS IIBM 900

(&
X
XS
R
e

3
X
K

D
RS

N
R

o1

pran

€eTLL

05'8C

LA-UR-20-25126



L 1 z
Lo mwxmi L-LSIN :dNO¥OD i Swos| XTI aNOY | onn  wouvouissvio
1 d- = N
sz [00°H0VET L INOOX T 9 wanawssv| ) % o
3NIT Wv3E peydd NO S| 5000 F XXX
LINIWIEIAXI L-dWOD LUSI0L HOMPINAN 3 o] 500 % 00 (00'16)
XI13Hd | VIO HOYIMNIAN umxomxo o T e
SPSLY OJIXIN MIN ‘SOuwe]y SO Lug/oL o030 T VFX yra
A¥OLYYOLVT TYNOLLYN SONVTV SOT[ =iva E 30N SSHAIHIO SN 3 uvoxos 3INVd 103060
+
|
o : , ] |
e 7 |
o i W
N [ [ |
WNNINNTY 24
F 4% —(2oel) —
LINOVIN NO SINIOd Q¥VH OL 62'% (80g) SSV19 31vd 52
$5300V b $8300V 1
WNNINNTY 2} vIoNAl4 g Ivionald
206 —1 q 601
SSV19 31V1d 52 W
ez
: S
_ ‘\‘\‘\‘\‘\\A\‘r..\‘\‘\‘\‘\‘\‘\‘\‘\‘T‘\‘\‘\\ — i 1 S I (N B
& 3 = 5=
WUIEE X WWEZ S ==
Ivaiosdinia
HOLVAITIOD M 007 —— | I nm M
68'8L 00zt
002t 9821 .
dAL ST —= =
dAL ST —={=
Sy3LINE~
ATEN3SSY VINIWIIdX3 0582
.e 1398vVL00 .
—————————(WIa a3xi4) aN3 3did Wv39 [E9 0%} WIJ a3X1d) N3 3did Wv3d [E98Y
f———————(W1a @3xI<) LINOVIN NO SLd QuivH BE0S} WIQ a3X14) STI0D LINOVI OL [85°g]
SH3LIN 0L ~ SY3LIN 0L ~
3NV1d
103rao

31

LA-UR-20-25126



Appendix B: PHELIX Load Cassette Fabrication and Assembly

During the assembly process, the liner is swaged onto
the return conductor by the upper glide plane as it is
drawn into final position. The swaging force is created
by interfering tapers on the outside diameter of the upper
glide plane and the inside diameter of the liner. This is
the most critical and irreversible step in the assembly
sequence. This joint has been proven many times over
as a reliable high current carrying interface as well as a
high vacuum joint. Fig. 32 shows the interfering tapers
on the upper glide plane and the liner.

Interfering tapers

HV Current and
Vacuum Joint

Insulator

Liner

FIG. 32. High vacuum joint.

Typically, the upper glide plane is pulled into position
via a circular bolt pattern between the return conductor
and the upper glide plane. The larger target diameter in
this series did not allow enough space for a bolt pattern.
This led to a design utilizing a pancake style hydraulic
cylinder and a ram to push the upper glide plane into
position during assembly.

The forces created by the axial unidirectional “push”
of the ram versus the clamping action of the bolts is quite
different. The load placed on the return conductor from
the bolts creates localized compressive forces compared
to the tensile forces induced across the majority of the
return conductor from the axial “push”. Finite element
analysis was performed on both the upper glide plane
and return conductor with a 3800 1bf load, which is the
nominal clamping load created with the bolted arrange-
ment. This led to a more robust return conductor and
upper glide plane.

Fig. 33 shows the upper glide plane, liner, and return
conductor prior to applying the axial force with the hy-
draulic cylinder. Note that this is a “blind” assembly due
to the centering jig and ram. This step is also performed
with the components in an up-side-down configuration.
A preload is also applied to the liner to compress the

LA-UR-20-25126

“face” style O-rings. The actual hydraulic force used to
seat the upper glide plane and swage the liner was 1400

psi.

Ram Centering Jig

\ Pancake Hydraulic
Cylinder

FIG. 33. Pre-assembly prior to applying axial force with the
hydraulic cylinder.

The target assembly was received from the powder
pressing operation with protective spacer plates over the
end caps, held together with a C-clamp. Double Bub-
ble two part epoxy was then injected into the holes on
the end caps and into the joint. After the epoxy cured,
the target assembly was then hand lapped to remove any
epoxy protruding beyond the surface of the end caps.

The target assembly with its sealing O-rings was az-
imuthally oriented and inserted into the upper glide plane
pocket. The lower glide plane which was press fit and
pinned to a copper extension sleeve was then inserted
over the target.

The entire cassette was then helium leak checked for
any observable vacuum leaks. No leaks were evident.
The ultimate pressure achieved after 24 hours was 2.3
x 107® Torr with a 35 liter/sec turbo pump. A “leak
up rate” was then determined after being attached to
the turbo vacuum pump for 24 hours. The leak up rate
was 7.5 x 1073 Torr in the first minute. The pressure
then slowly increased to 5.5 x 10~2 Torr after 5 minutes.
The outgassing of the HDPE is the main contributor to
this leak up rate. This leak up rate determines pressure
and time lapse after closing the valve to the pump and
executing the shot.

The overall COMP-1 assembly was performed as
planned and produced an assembly passing all specifi-
cations.



Appendix C:

Deformation of Comp-2 Liner During Assembly
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FIG. 34. Blend line on the liner used for the Comp-2 load cassette.

On the COMP-2 assembly, the liner was deformed dur-
ing the insertion and seating of the upper glide plane.
There was nothing unusual observed during this assem-
bly step, however, after disassembly of the centering jig
and ram, an “orange peel” surface texture was evident
on the liner inside diameter. Review of the inspection
data for the components indicated all components were
within the specifications.

During lathe turning of the liner experimental region,
it is necessary to machine from both ends and therefore a
blend line exists between the two lathe cuts. The “blend
line” on the liner used for the Comp-2 load cassette was
inadvertently placed in a different location. Fig. 34 shows
the intended blend line location on the liner fabrication
drawing.

In situ inspection of the liner revealed a burr at the
radius of the slope and the inside diameter of the experi-
mental region. Further investigation revealed that during
the final turning operation on the inside diameter of the
liner, the CNC program was truncated and the cutting
tool did not turn the radius and stop at the designated
blend line region. A sharp burr around the periphery was
created as the tool pressure pushed material past the ra-
dius. With almost complete certainty we believe that,
upon insertion of the UGP with the O-ring in its groove,
the burr partially extruded the O-ring out of its groove
and created a larger diameter that was then pushed past
the thin experimental region of the liner. This larger
diameter yielded the soft aluminum and expanded the
liner, creating the resultant orange peel texture.

As was mentioned earlier, this assembly step is irre-
versible without expending a liner and reworking the up-
per glide plane. Due to time constraints, it was decided
to characterize this region of the liner and continue with
the assembly and the planned experiment. Fig. 35 shows
a drawing of the deformed liner overlaid on the intended
liner dimensions (red color). Also shown are the mea-
sured dimensions of the deformed liner.

The maximum diametric increase was 205.74 pm. The
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maximum deviation in concentricity was 63.5 pm. Cen-
terlines of the measured diameters were offset from the
theoretical centerline by the deviation in concentricity.

The remainder of the COMP-2 cassette assembly pro-
cess went without incident and the final vacuum quality
was slightly better than the COMP-1 Cassette. The leak
up rate was 6.4 x 1073 Torr in the first minute and slowly
increased to 3.4 x 102 Torr after 5 minutes.

Future cassette liners will have a slightly smaller di-
ametric interface with the upper glide plane to ensure
the O-ring does not apply any force on the liner as it is
pushed into position. Verification of the blend line loca-
tion will also prevent a reoccurrence of this issue.
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FIG. 35. Schematic of the deformed liner. Intended dimen-
sions are shown in red



Appendix D: Comp-2 Proton Radiographs Including 10-Frame Camera

Areal Density (g/cmz)

FIG. 36. Comp-2 areal density mappings including 10-frame images. Data from the 10-frame camera exhibits severe limning.
Frame 1 has been omitted. Image times and cameras are shown in Table IV.
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Appendix E: Comp-2 Powder Compaction Model Validation Comparison

Simulations of the Comp-2 experiment are conducted
using an axisymmetric quarter symmetry geometry. In
these simulations, the uniform mesh element length is
coarsened to 100 nm to alleviate mesh tangling.

The analyses applied to the Comp-1 experiment and
simulations in Section VII are applied to the Comp-2 ex-
periment and simulations. Areal densities calculated us-
ing the Bi-linear Ramp, P-a PACXP, and P-a Menikoff-
Kober compaction models, as well as the P-a Menikoff-
Kober model with decoupled Kospall Strength model are
shown in Fig. 37.

Generally, the results from these simulations are simi-
lar to the results for Comp-1 in Section VII. The Bi-linear
Ramp model fails to capture the densification behavior
of the CeOs, while the P-a PACXP and P-a Menikoff-
Kober models better describe densification behavior.

All compaction models overpredict wave velocity and
densification for the Comp-2 experiment. In the 7.2 ps
frame, it is seen that all simulated compaction wave

fronts are closer to the radial center than the experi-
mental wave front, with the P-a models producing the
closest result to the experimental data. The magnitudes
of densification overpredictions at the CeOs powder outer
radius are similar for the P-a PACXP and P-a Menikoff-
Kober models, reaching overprediction magnitudes of ap-
proximately 20%. Densification at the CeOs radial center
is overpredicted to a greater extent in the Comp-2 calcu-
lations than the Comp-1 calculations: 20.4% for Comp-2
compared to 14.8% for Comp-2 (mean of both P-a model
calculations).

Calculations using the P-a Menikoff-Kober model with
a decoupled Kospall Strength model produce the clos-
est result to the experimental data at the latest time
frame recorded. However, these decoupled models do
not produce a compaction wave front in the CeOy pow-
der. This suggests that the decoupled compaction and
strength model may be useful for late time densification
calculations, but will need to be improved to capture the
shock front at early and middle times.
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FIG. 37. Comparison of simulated areal density predictions to experimentally observed areal density profiles in the Comp-2

experiment.
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Appendix F: Areal Density Comparisons for Experiments and Simulations of Comp-1 at All Time Steps

Comp-1: Comparison of Bi-linear Ramp Model Calculations at Experimental Impact Velocity
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FIG. 38. Comparison of simulated areal density predictions using the Bi-linear Ramp compaction model to experimentally
observed areal density profiles in the Comp-1 experiment at all timesteps.

Comp-1: Comparison of P-« PACXP Model Calculations at Experimental Impact Velocity
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FIG. 39. Comparison of simulated areal density predictions using the P-a PACXP compaction model to experimentally
observed areal density profiles in the Comp-1 experiment at all timesteps.
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FIG. 40. Comparison of simulated areal density predictions using the P-a Menikoff-Kober compaction model to experimentally
observed areal density profiles in the Comp-1 experiment at all timesteps.
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FIG. 41. Comparison of simulated areal density predictions using the P-a Menikoff-Kober compaction model with
Kospall Strength model to experimentally observed areal density profiles in the Comp-1 experiment at all timesteps.
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Appendix G: Areal Density Comparisons for Experiments and Simulations of Comp-2

Comp-2: Comparison of Bi-linear Ramp Model Calculations at Experimental Impact Velocity

at All Time Steps
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FIG. 42. Comparison of simulated areal density predictions using the Bi-linear Ramp compaction model to experimentally
observed areal density profiles in the Comp-2 experiment at all timesteps.

Comp-2: Comparlson of P-a PACXP Model Calculatlons at Experlmental Impact Velocity
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P-a PACXP compaction model to experimentally

observed areal density profiles in the Comp-2 experiment at all timesteps.
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Comp-2: Comparlson of P-a Menlkoff Kober Model Calculatlons at Experlmental Impact Velomty
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FIG. 44. Comparison of simulated areal density predictions using the P-a Menikoff-Kober compaction model to experimentally
observed areal density profiles in the Comp-2 experiment at all timesteps.

Comp-1: P-a Menikoff-Kober Compactlon Model with Added Kospall Strength Model
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FIG. 45. Comparison of simulated areal density predictions using the P-a Menikoff-Kober compaction model with
Kospall Strength model to experimentally observed areal density profiles in the Comp-2 experiment at all timesteps.
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Appendix H: Expected Liner Bowing at Impact

MHD simulations are performed investigating bowing
of the PHELIX liner at impact using capacitor voltages
of 85, 90, 95, and 100 kV. Minimal curvature at impact is
observed for all simulations, with the greatest bowing oc-
curring at the lowest simulated capacitor voltage, 85 kV.

1.0

o
o

Distance from Powder Center (cm)
S o
o o

-1.0 |
2.0 15 20

1

Example images of liner bowing at impact as a function
of capacitor voltage are shown in Fig. 46. In these fig-
ures, the liner is shown just before impact, moving from
the left to the right.

.5 2.0 1.5 2.0 1.5
Radial Distance from Powder Center (cm)

FIG. 46. Liner curvature just prior to impact as a function of PHELIX capacitor voltage. The liner material is displayed as
the tan material, moving from left to right. The glide planes are shown at the top and bottom of the page in light gray. The
powder capsule cylinder wall is shown in dark gray. Colors are chosen to match those shown in Appendix A, Fig. 31.
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Appendix I: Post-mortem Computed Tomography Scans and Analysis
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FIG. 47. Post mortem computed tomography scan of the Comp-2 load cassette. Data is preliminary and analysis is ongoing.
Image slice numbers are shown in the top middle of each frame. Image slice thicknesses are approximately 100 pm.

Computed tomography (CT) scans of the Comp-2 load
cassette are performed using the LANL Microtron. Im-
age slices from the post-mortem CT scan are shown in
Fig. 47. Analysis of this CT scan is preliminary and on-
going.

Some evidence of bulk fracturing can be seen in the
image slices. A majority of bulk fractures are oriented
parallel to the direction of impact. Re-imaging the post

LA-UR-20-25126

mortem sample with an input wedge or stack of CeOo
will allow for direct calculations of CeO5 spatial density
and improve understanding of the porous material com-
paction and potential bulk fracture response.
Separation between the lower glide planes and liner
is seen in all frames. Further investigations into whether
this separation is due to late time effects, such as thermal
expansion, will help to guide MHD model improvements.



Appendix J: Experimental and Simulated Areal Densities: File Attachments

Click on =I::|

to download to file attachments:

-E:I PRADO0697, Comp-1 Experimental Areal Densities

-[:I PRADO0698, Comp-2 Experimental Areal Densities

-[:I Comp-1 Simulated Areal Densities: Bi-linear Ramp

=|::| Comp-1 Simulated Areal Densities: P-a PACXP

-[:I Comp-1 Simulated Areal Densities: P-a Menikoff-Kober

=|::| Comp-1 Simulated Areal Densities: Kospall & P-a Menikoff-Kober

-[:I Comp-2 Simulated Areal Densities: Bi-linear Ramp

-|::| Comp-2 Simulated Areal Densities: P-a« PACXP

=|::| Comp-2 Simulated Areal Densities: P-a Menikoff-Kober

-[:I Comp-2 Simulated Areal Densities: Kospall & P-a Menikoff-Kober
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		13.36		3.750756		3.779512		3.794371		3.76713		3.77605		3.75373		3.755868		3.770653		3.75967		3.762765		3.762301		3.765087		3.762957		3.769735		3.7614		3.764063		3.77083		3.772008		3.778405		3.772812		3.780077		3.767741		3.761192		3.75937		3.762511		3.766168		3.762734		3.771424		3.776247		3.763686		3.761011		3.761463		3.755822		3.754837		3.759991		3.757061		3.765866		3.769228		3.761717		3.756794		3.758616		3.761676		3.760175		3.761741		3.769963		3.770189		3.776773		3.778415		3.77519		3.767758		3.776524		3.788646		3.766543		3.76462		3.767592		3.769674		3.765338		3.766131		3.772412		3.770576		3.770704		3.772383		3.761324		3.760983		3.767672		3.772264		3.773837		3.7736		3.777535		3.771517		3.777305		3.7778		3.77864		3.78084		3.786189		3.785854		3.786734		3.790643		3.794844		3.792636		3.794266		3.79611		3.789185		3.791206		3.789805		3.790411		3.790573		3.782104		3.785539		3.782247		3.786532		3.789215		3.79231		3.792237		3.788529		3.792421		3.797468		3.805451		3.801021		3.80463		3.81022		3.807681		3.813758		3.808399		3.804898		3.809807		3.808568		3.815994		3.816496		3.818555		3.818485		3.818171		3.824004		3.825224		3.828703		3.830323		3.82959		3.833159		3.832464		3.841045		3.849108		3.850556		3.849293		3.850648		3.850491		3.851081		3.848273		3.827823		3.758856		3.724022		3.788325		3.892691		3.927921		3.919343		3.894196		3.866518		3.861696		3.873839		3.894361		3.914258		3.938293		3.962174		3.976708		3.991296		4.014169		4.044283		4.098545		4.191159		4.335441		4.457287		4.442616		4.365155		4.307609		4.336679		4.405791		4.561398		4.834131		5.286257		5.91453		6.635536		7.398939		8.220946		9.059963		9.912423		10.67891		11.31728		11.66146		11.74109		11.31266		10.41046		9.374585		8.423238		7.735521		7.702159		8.619709		9.954185		11.10198		12.11017		12.75481		13.17485		13.33539		13.34213		13.23513		12.8859		12.42454

		13.76		3.587923		3.642676		3.690625		3.690354		3.722858		3.732226		3.7146		3.70588		3.730358		3.725599		3.71072		3.692268		3.710749		3.707776		3.696914		3.715076		3.706802		3.726622		3.736093		3.729208		3.712754		3.708857		3.707216		3.725016		3.727246		3.712565		3.717672		3.716745		3.724086		3.719009		3.721849		3.728839		3.736262		3.728981		3.71293		3.717512		3.730005		3.729808		3.73097		3.727352		3.732681		3.711848		3.710405		3.727802		3.742398		3.72609		3.730031		3.730111		3.734832		3.738144		3.742882		3.733188		3.733693		3.744129		3.740651		3.741472		3.734819		3.73704		3.736375		3.737171		3.739075		3.746069		3.741279		3.74549		3.742449		3.741982		3.755124		3.758166		3.75254		3.746761		3.746143		3.751154		3.750439		3.743575		3.753079		3.756042		3.769524		3.767628		3.766189		3.766793		3.778195		3.778168		3.781982		3.775336		3.784311		3.772521		3.775534		3.776436		3.784849		3.789395		3.789875		3.786867		3.797341		3.800115		3.808588		3.806687		3.802159		3.802142		3.808373		3.805171		3.80648		3.810827		3.812012		3.813189		3.82319		3.826593		3.830968		3.838132		3.849929		3.853595		3.860224		3.852387		3.849486		3.845132		3.852742		3.858394		3.865779		3.867049		3.872977		3.877136		3.874641		3.886072		3.892169		3.890351		3.883336		3.890589		3.873228		3.807925		3.772348		3.818806		3.900094		3.93888		3.935898		3.927457		3.912877		3.88749		3.888169		3.900794		3.926696		3.950925		3.965421		3.986652		4.003989		4.021354		4.059175		4.091916		4.140415		4.242539		4.380743		4.481792		4.46815		4.449621		4.596975		4.930242		5.431442		6.047377		6.746495		7.480223		8.243618		9.034979		9.813769		10.52505		11.03473		11.24032		11.07256		10.39235		9.40456		8.296553		7.419103		7.186851		7.899216		9.406337		10.98821		12.16125		12.97067		13.27766		13.4035		13.48098		13.53732		13.54107		13.54829		13.50588		13.39883		13.18094		12.79845

		14.16		3.722662		3.744812		3.739601		3.727929		3.718523		3.734198		3.755422		3.756555		3.74986		3.732487		3.727844		3.738385		3.737388		3.733441		3.733481		3.738093		3.741194		3.732073		3.730521		3.734659		3.727877		3.730188		3.73006		3.73392		3.73583		3.733284		3.74057		3.739633		3.735793		3.741565		3.738452		3.745147		3.743993		3.739974		3.738869		3.736251		3.729631		3.738659		3.741363		3.748145		3.752641		3.755396		3.748684		3.746849		3.746247		3.745348		3.736778		3.736516		3.743388		3.745795		3.749169		3.753538		3.750199		3.748689		3.748405		3.752945		3.75689		3.753327		3.753344		3.757385		3.757745		3.755354		3.753565		3.75479		3.752567		3.754495		3.75545		3.760878		3.759691		3.764837		3.768316		3.770856		3.773192		3.771844		3.765188		3.769353		3.765884		3.769225		3.771164		3.773481		3.777907		3.776347		3.780923		3.777954		3.775579		3.777297		3.776587		3.773162		3.77599		3.777707		3.783846		3.785512		3.785881		3.784993		3.787969		3.786837		3.790809		3.790685		3.788039		3.788447		3.793655		3.802839		3.814777		3.818115		3.813503		3.816982		3.820992		3.825645		3.831265		3.837824		3.839628		3.842535		3.842615		3.844688		3.843251		3.845443		3.845795		3.850381		3.856517		3.86079		3.868278		3.872044		3.874792		3.879305		3.882691		3.89093		3.892384		3.845537		3.787493		3.783927		3.855707		3.933049		3.947664		3.937742		3.91695		3.893535		3.890873		3.915923		3.946878		3.96954		3.988165		4.009818		4.026344		4.044803		4.082989		4.119214		4.182061		4.312885		4.590657		4.952481		5.288276		5.658553		6.18364		6.818468		7.494811		8.226065		8.966478		9.70657		10.37217		10.86513		11.04041		10.79541		10.0902		9.046518		7.950508		7.182752		7.0822		8.045333		9.872731		11.81338		13.21047		14.04415		14.32558		14.45732		14.532		14.57103		14.60854		14.60612		14.60766		14.59551		14.57136		14.51332		14.42323		14.2614		13.92559

		14.56		3.653905		3.703268		3.705426		3.744358		3.735631		3.748238		3.748353		3.752663		3.764343		3.758296		3.740023		3.733846		3.736803		3.738561		3.740576		3.742156		3.725478		3.733413		3.741301		3.748845		3.756182		3.743988		3.747761		3.753417		3.752203		3.755535		3.748054		3.751461		3.749407		3.744409		3.741597		3.742728		3.752012		3.747095		3.749319		3.755858		3.758189		3.749945		3.742388		3.743729		3.745366		3.744569		3.747813		3.749538		3.754373		3.751242		3.749866		3.752288		3.755415		3.754542		3.752455		3.752258		3.756763		3.755066		3.749395		3.743902		3.747267		3.753733		3.748265		3.751245		3.757042		3.756995		3.758188		3.756807		3.758633		3.762111		3.761107		3.766624		3.764695		3.760301		3.765742		3.765584		3.763085		3.761656		3.76962		3.771677		3.766773		3.771301		3.77461		3.783155		3.776911		3.777379		3.778475		3.784264		3.784667		3.781582		3.776454		3.77897		3.777615		3.778383		3.77761		3.783074		3.787183		3.789716		3.790483		3.790445		3.785338		3.792387		3.793664		3.795789		3.794838		3.801364		3.811326		3.810742		3.812878		3.813872		3.821704		3.827657		3.831232		3.8371		3.839444		3.840103		3.840209		3.83963		3.847242		3.851748		3.851588		3.860037		3.861693		3.868511		3.871881		3.874467		3.875578		3.880437		3.884354		3.881842		3.855873		3.788758		3.750367		3.783028		3.84141		3.903789		3.948736		3.96143		3.946116		3.928524		3.932869		3.957784		3.98626		4.023151		4.051578		4.079543		4.119021		4.163451		4.220692		4.299283		4.440074		4.697785		5.151984		5.788415		6.477852		7.175291		7.855227		8.521758		9.155554		9.714635		10.08844		10.2036		10.00746		9.448312		8.720078		7.896659		7.265235		7.250582		8.107972		9.492709		10.97448		12.24929		13.17123		13.49045		13.63354		13.68659		13.71503		13.74445		13.75412		13.75275		13.74194		13.73597		13.71858		13.71053		13.67217		13.62924		13.54059		13.36524		13.11232

		14.96		3.742364		3.803399		3.838453		3.821569		3.809385		3.830664		3.83149		3.830162		3.833925		3.833661		3.83606		3.842161		3.837009		3.842925		3.84491		3.855209		3.845587		3.832884		3.839002		3.846358		3.857135		3.861028		3.84745		3.835675		3.836406		3.843755		3.846909		3.840072		3.841065		3.841057		3.841364		3.844307		3.847711		3.842516		3.843511		3.843099		3.839818		3.841232		3.843738		3.840924		3.842742		3.843079		3.841699		3.840392		3.842223		3.836476		3.834658		3.845141		3.853627		3.854529		3.853733		3.850799		3.855852		3.853981		3.85147		3.858954		3.863246		3.86173		3.863479		3.860858		3.859764		3.863683		3.863128		3.860864		3.864361		3.871977		3.87486		3.866126		3.869672		3.867149		3.868785		3.87489		3.875222		3.875116		3.881274		3.880483		3.875248		3.873656		3.875966		3.876726		3.876435		3.881628		3.884387		3.886207		3.890598		3.894644		3.895204		3.897772		3.899243		3.899657		3.9082		3.912442		3.910818		3.91083		3.9047		3.910499		3.909654		3.907813		3.906122		3.912451		3.920928		3.932175		3.931604		3.92723		3.933753		3.936477		3.944503		3.956385		3.967482		3.96898		3.967161		3.966527		3.966676		3.97366		3.972661		3.976645		3.981261		3.986671		3.990653		3.989946		3.994087		4.020216		4.106374		4.269473		4.446382		4.515518		4.330436		3.922826		3.609672		3.548852		3.682063		3.881963		4.005922		4.061265		4.077726		4.07963		4.090915		4.122822		4.158775		4.185459		4.223559		4.268481		4.325687		4.395658		4.494038		4.618047		4.782724		5.075916		5.592749		6.324357		7.118035		7.866201		8.548813		9.163905		9.632736		9.936041		9.974102		9.669573		9.047574		8.221309		7.409007		6.904008		7.056182		8.209928		10.18327		12.3488		14.03364		14.89421		15.17355		15.29598		15.34471		15.39303		15.40136		15.41879		15.42265		15.43042		15.43401		15.40237		15.37397		15.32275		15.26897		15.20907		15.11853		14.92705		14.53908

		15.36		3.777457		3.777457		3.798197		3.822974		3.835029		3.846734		3.856908		3.847505		3.846963		3.840278		3.842418		3.842306		3.845311		3.842047		3.841849		3.83187		3.84561		3.838305		3.837279		3.824427		3.831755		3.843148		3.846922		3.839445		3.843565		3.842846		3.840395		3.844431		3.842979		3.852698		3.849469		3.842713		3.83539		3.83503		3.834638		3.838327		3.831325		3.834597		3.83638		3.840716		3.840097		3.844835		3.843504		3.848892		3.855628		3.852483		3.852318		3.847858		3.846871		3.851926		3.852567		3.853149		3.855913		3.854541		3.845339		3.856564		3.85729		3.857358		3.858741		3.863239		3.860757		3.858983		3.858115		3.861439		3.860655		3.861799		3.861089		3.865216		3.86662		3.869757		3.868934		3.869434		3.8661		3.867249		3.868607		3.86841		3.864918		3.863161		3.868358		3.87334		3.87552		3.875755		3.876896		3.880074		3.881249		3.880913		3.88039		3.881456		3.887126		3.890159		3.890736		3.900546		3.902572		3.900277		3.899101		3.901063		3.904199		3.905342		3.905961		3.909536		3.913197		3.916263		3.920172		3.922424		3.926526		3.938177		3.948729		3.955474		3.95655		3.961575		3.965806		3.968899		3.974062		3.977194		3.974815		3.97944		4.013342		4.094509		4.213897		4.347229		4.474319		4.629206		4.780793		4.826886		4.703769		4.455248		4.189444		3.921908		3.646848		3.362656		3.184873		3.218668		3.444583		3.742648		3.946479		4.027531		4.055438		4.075595		4.089424		4.117067		4.163846		4.216247		4.275245		4.335386		4.37553		4.404458		4.530802		4.825062		5.243893		5.654571		6.102244		6.69203		7.390793		8.074183		8.650608		9.017308		9.111634		9.011985		8.780751		8.424304		8.049998		7.892186		8.221563		8.625687		9.222397		10.17595		11.46558		12.81009		13.84767		14.14454		14.2437		14.29068		14.29714		14.30682		14.31828		14.33222		14.34906		14.32574		14.31041		14.28827		14.27328		14.2387		14.16527		14.04053		13.81403

		16.96		3.905139		3.905139		3.947023		3.949605		3.951516		3.946353		3.958919		3.980976		3.995795		3.970303		3.965064		3.964787		3.967121		3.967967		3.963294		3.969258		3.956624		3.963041		3.976128		3.973771		3.973086		3.974327		3.968026		3.982663		3.960239		3.963288		3.9695		3.970562		3.964148		3.970441		3.970788		3.959286		3.963371		3.963577		3.964283		3.962704		3.9628		3.967224		3.970404		3.969072		3.978567		3.970033		3.962549		3.968208		3.971268		3.969866		3.972794		3.975859		3.972526		3.984109		3.983706		3.982977		3.981815		3.989487		3.99377		3.987729		3.980713		3.986399		3.982851		3.989021		3.986559		3.980744		3.981525		3.996837		4.000226		4.000768		3.999022		3.99668		4.000965		4.000397		3.995139		3.994962		4.003335		4.00134		4.008282		4.003862		4.001721		3.997953		4.005472		4.009327		4.011793		4.019989		4.023487		4.022923		4.023296		4.024828		4.029525		4.031342		4.03545		4.039544		4.046098		4.049212		4.055934		4.065794		4.070289		4.068182		4.083137		4.115659		4.168386		4.224542		4.291657		4.364262		4.429555		4.503273		4.574681		4.635631		4.674313		4.694959		4.712947		4.727998		4.74996		4.780509		4.813404		4.861725		4.906457		4.943112		4.998154		5.034033		5.025		4.915159		4.702843		4.441199		4.164118		3.840243		3.451451		3.060339		2.780926		2.709876		2.793536		2.91845		3.053188		3.223603		3.480564		3.761351		3.981638		4.111172		4.189232		4.241701		4.283515		4.302969		4.268702		4.195808		4.151803		4.169446		4.263492		4.412165		4.609773		4.86083		5.176812		5.64549		6.16091		6.573088		6.870603		7.099701		7.237659		7.225153		7.097901		7.026215		7.218181		7.75069		8.23585		8.817817		9.660838		10.79282		12.02918		13.04454		13.44732		13.51479		13.53555		13.54547		13.54754		13.54616		13.54845		13.54935		13.54991		13.54542		13.55031		13.54491		13.53641		13.53322		13.51866		13.49467		13.45218		13.38812		13.22276

		18.56		3.996175		4.035617		4.018746		4.071597		4.055181		4.076951		4.067988		4.056931		4.061565		4.051988		4.049429		4.052432		4.067857		4.056207		4.045782		4.038691		4.043299		4.050644		4.054775		4.051079		4.037184		4.045641		4.048014		4.03334		4.045515		4.042358		4.0434		4.053409		4.052591		4.046949		4.042836		4.044746		4.037352		4.040246		4.044009		4.046553		4.041917		4.042788		4.04934		4.049368		4.047705		4.046788		4.047438		4.044044		4.0475		4.047999		4.050363		4.054554		4.056665		4.052751		4.052083		4.051077		4.058963		4.0595		4.057276		4.0666		4.064277		4.057566		4.066338		4.065296		4.061937		4.067215		4.069912		4.070323		4.076945		4.076069		4.081158		4.084696		4.089204		4.083164		4.087089		4.09509		4.093413		4.103338		4.107797		4.107686		4.10966		4.117783		4.127957		4.131601		4.139645		4.166074		4.216779		4.280931		4.357825		4.432192		4.509429		4.556182		4.593088		4.615599		4.630767		4.64853		4.666304		4.682119		4.687838		4.703123		4.713752		4.722909		4.738783		4.746898		4.752958		4.763774		4.771332		4.776235		4.784676		4.795442		4.810982		4.842576		4.872269		4.903744		4.932053		4.9748		5.017485		5.060978		5.098728		5.107353		5.036242		4.870323		4.620187		4.276085		3.849267		3.357		2.922795		2.652773		2.517581		2.468813		2.504997		2.664474		2.879345		3.097802		3.383636		3.759589		4.068876		4.228984		4.31343		4.374284		4.432273		4.441996		4.385344		4.326412		4.319212		4.331874		4.372169		4.480138		4.664538		4.893536		5.17189		5.439566		5.640291		5.818717		5.927249		5.976229		6.042084		6.194184		6.479882		7.053285		7.811052		8.58464		9.530416		10.70602		12.03411		13.04157		13.48126		13.59061		13.63588		13.65334		13.65402		13.63631		13.63517		13.61873		13.60906		13.5931		13.60276		13.60031		13.58105		13.5881		13.59212		13.5798		13.59684		13.57647		13.55012		13.50967		13.43194		13.15177		12.7663

		20.16		4.00684		4.054526		4.075273		4.062371		4.058799		4.065397		4.072556		4.051356		4.042889		4.064088		4.058275		4.067331		4.053672		4.066049		4.072585		4.070861		4.062771		4.070582		4.078238		4.068234		4.067418		4.070579		4.071829		4.070398		4.068118		4.061975		4.072038		4.079671		4.070268		4.068578		4.067265		4.077785		4.085367		4.087001		4.082466		4.076218		4.072735		4.069199		4.077342		4.079434		4.076223		4.071016		4.07964		4.084668		4.080862		4.078439		4.074818		4.072835		4.074838		4.077434		4.086575		4.081491		4.073626		4.079885		4.089414		4.089829		4.085182		4.090537		4.102169		4.104851		4.103671		4.111542		4.116636		4.124053		4.129066		4.134923		4.138539		4.15195		4.20003		4.266457		4.321605		4.371954		4.429473		4.485074		4.514738		4.537047		4.552209		4.571053		4.585247		4.595914		4.609139		4.62069		4.630159		4.64295		4.651071		4.654592		4.662321		4.671398		4.679667		4.686753		4.703299		4.715513		4.729846		4.739436		4.750763		4.753125		4.767668		4.771232		4.774999		4.778665		4.784133		4.791623		4.795037		4.803206		4.812142		4.821553		4.83642		4.858464		4.900806		4.944948		4.982795		5.01983		5.054081		5.07947		5.099053		5.059197		4.894091		4.566688		4.105956		3.612601		3.156611		2.808222		2.597228		2.490758		2.435704		2.403606		2.391686		2.464944		2.695656		3.049375		3.47469		3.857061		4.124723		4.278407		4.35711		4.429168		4.490726		4.489736		4.427249		4.351609		4.303637		4.358897		4.494931		4.649632		4.771547		4.825046		4.815823		4.782196		4.772153		4.823839		4.946051		5.162025		5.55268		6.14804		7.01448		8.138698		9.372048		10.58243		11.62055		12.35583		12.87731		13.17211		13.24502		13.21132		13.1319		13.0152		12.92032		12.8744		12.83341		12.77982		12.74419		12.72531		12.71242		12.68766		12.63623		12.59021		12.50239		12.40942		12.28168		12.07612		11.8683		11.65424		11.48661		11.40104		11.28421

		21.76		4.083677		4.083677		4.133273		4.122558		4.109929		4.126754		4.095786		4.104866		4.119849		4.12014		4.116559		4.128595		4.102322		4.095994		4.093758		4.09054		4.102116		4.104886		4.094231		4.101525		4.101979		4.101599		4.105943		4.098791		4.099928		4.103922		4.10358		4.106642		4.11066		4.105451		4.106715		4.106838		4.118982		4.113785		4.113339		4.111232		4.111618		4.111933		4.119607		4.118965		4.118266		4.11303		4.116786		4.121268		4.125164		4.121953		4.127588		4.130246		4.13318		4.132928		4.13016		4.135004		4.141308		4.171876		4.183397		4.208314		4.224291		4.25248		4.295148		4.326413		4.371327		4.410453		4.448636		4.482042		4.497149		4.509251		4.517077		4.532744		4.552712		4.570129		4.572783		4.582953		4.59729		4.608287		4.612307		4.621472		4.627315		4.636958		4.644973		4.647139		4.660179		4.656944		4.670435		4.673624		4.675399		4.686133		4.691429		4.695445		4.706097		4.716754		4.72382		4.727551		4.731916		4.74047		4.744825		4.751661		4.752163		4.753265		4.753125		4.758528		4.758214		4.763032		4.772563		4.773519		4.777091		4.792286		4.806545		4.833924		4.867949		4.902512		4.934836		4.956276		4.972468		4.985893		4.983374		4.906401		4.673118		4.331637		3.969816		3.634845		3.323078		3.023211		2.765613		2.588609		2.492809		2.44138		2.411761		2.416026		2.529453		2.782647		3.117636		3.427274		3.685393		3.937547		4.170519		4.320423		4.353085		4.322486		4.302417		4.294231		4.299046		4.295615		4.289835		4.304168		4.291917		4.25586		4.206906		4.176301		4.208369		4.360244		4.617106		4.950478		5.413139		5.914681		6.380287		6.837324		7.25883		7.537596		7.614579		7.495079		7.181611		6.766282		6.327817		5.882465		5.460011		5.093548		4.812137		4.635365		4.528378		4.46684		4.423124		4.391793		4.371525		4.354023		4.341353		4.339261		4.341901		4.360681		4.426343		4.553607		4.78516		5.146571		5.651238		6.194442		6.731248

		23.36		4.164522		4.164522		4.205327		4.196852		4.184443		4.152079		4.155475		4.147662		4.149049		4.136855		4.145121		4.165094		4.167656		4.168423		4.153497		4.144169		4.143114		4.141016		4.139493		4.139479		4.150308		4.16367		4.154488		4.158098		4.159179		4.155729		4.158702		4.160365		4.163452		4.15969		4.158451		4.16275		4.168676		4.166075		4.168514		4.16465		4.168085		4.167242		4.174042		4.170707		4.167947		4.170676		4.183054		4.216579		4.246913		4.288723		4.322884		4.351226		4.392799		4.435847		4.451707		4.473388		4.488945		4.49869		4.514654		4.522896		4.53024		4.542642		4.555646		4.569767		4.579824		4.588797		4.598919		4.603483		4.624812		4.631062		4.643168		4.655229		4.655049		4.659583		4.670725		4.68578		4.690892		4.693961		4.69295		4.699096		4.708491		4.718237		4.724786		4.731593		4.731505		4.732104		4.745075		4.743136		4.752983		4.755381		4.764235		4.771117		4.77943		4.787469		4.789694		4.795262		4.80572		4.804254		4.805055		4.807041		4.809273		4.811754		4.807463		4.799946		4.802639		4.802403		4.808745		4.816334		4.825431		4.841411		4.861235		4.896724		4.932749		4.969607		5.001382		5.024487		5.042108		5.046846		5.003297		4.820938		4.458766		4.037696		3.636455		3.281854		2.959563		2.723939		2.584419		2.514453		2.478007		2.464973		2.454832		2.45042		2.5289		2.804279		3.218818		3.593313		3.890102		4.138823		4.339123		4.432946		4.427799		4.36454		4.343428		4.366597		4.380541		4.323472		4.272373		4.241167		4.184247		4.110729		4.05356		4.062236		4.15069		4.356522		4.660893		5.073636		5.470084		5.792691		6.069233		6.320906		6.52392		6.657085		6.7105		6.676648		6.591478		6.503079		6.43799		6.410616		6.424731		6.486654		6.569597		6.642904		6.71717		6.767828		6.813737		6.858203		6.902072		6.944768		7.015027		7.098503		7.244843		7.492471		7.864052		8.441704		9.21409		10.03644		10.69299		11.16779		11.3251

		24.56		4.057288		4.057288		4.155005		4.131418		4.162891		4.193258		4.182227		4.185909		4.177562		4.16815		4.165572		4.164992		4.184822		4.167879		4.163046		4.157769		4.177676		4.164085		4.175514		4.173727		4.167767		4.178425		4.170702		4.1643		4.179049		4.182238		4.185356		4.182827		4.174084		4.183803		4.172505		4.175886		4.17475		4.178101		4.20775		4.239421		4.275784		4.302277		4.327796		4.362884		4.385576		4.413166		4.436889		4.446975		4.47173		4.484015		4.494973		4.503462		4.514957		4.529165		4.540544		4.553787		4.570289		4.577953		4.594335		4.599656		4.609572		4.613851		4.631		4.641565		4.655789		4.668561		4.666733		4.67949		4.690072		4.701103		4.701492		4.69755		4.72072		4.723004		4.712727		4.729422		4.729245		4.735684		4.735839		4.744614		4.747419		4.746246		4.753472		4.767392		4.7724		4.776079		4.781644		4.785087		4.779588		4.782549		4.788676		4.79656		4.795298		4.804203		4.808963		4.819769		4.818592		4.823667		4.822137		4.824983		4.827515		4.833661		4.823388		4.83424		4.842145		4.84469		4.84853		4.856353		4.876843		4.906717		4.923488		4.959353		4.992781		5.022309		5.047236		5.06566		5.06353		5.002891		4.816898		4.509009		4.140068		3.78843		3.503667		3.223663		2.950619		2.717125		2.561699		2.483693		2.44117		2.424604		2.421574		2.483215		2.669385		2.955367		3.259291		3.533945		3.75437		3.978428		4.182851		4.288911		4.352473		4.401627		4.442287		4.452752		4.429728		4.380514		4.341486		4.301534		4.260701		4.209538		4.186523		4.230161		4.365237		4.563443		4.807404		5.091334		5.388377		5.663363		5.947831		6.256633		6.617168		7.002205		7.341021		7.746089		8.144797		8.557384		8.961511		9.371115		9.776014		10.16146		10.51457		10.79087		10.99914		11.13116		11.25115		11.41044		11.50167		11.64529		11.82947		12.05043		12.35582		12.72676		12.90804		13.09628		13.29378		13.36848		13.37604		13.24398		12.99111

		24.96		4.206863		4.206863		4.215256		4.159104		4.173794		4.191311		4.198616		4.210322		4.203445		4.180784		4.172234		4.186671		4.189677		4.197156		4.197011		4.194435		4.190267		4.19421		4.186901		4.18393		4.175286		4.181576		4.187277		4.200989		4.200524		4.203616		4.200326		4.203388		4.210254		4.219122		4.223945		4.23024		4.24674		4.271539		4.320759		4.361165		4.391783		4.421163		4.438287		4.457452		4.472383		4.488827		4.498425		4.502295		4.51552		4.511476		4.520105		4.527753		4.542159		4.546615		4.558614		4.572834		4.58911		4.600482		4.609205		4.618362		4.633415		4.648924		4.656267		4.661626		4.67164		4.680676		4.691342		4.695455		4.705585		4.712721		4.720813		4.716485		4.720491		4.727701		4.735002		4.739944		4.739086		4.742982		4.749465		4.756018		4.762364		4.769156		4.767756		4.770309		4.779255		4.782133		4.780011		4.783344		4.789701		4.797866		4.807023		4.814257		4.819385		4.825132		4.838884		4.840961		4.845449		4.840101		4.839022		4.835669		4.828252		4.838851		4.845053		4.847491		4.857929		4.858508		4.859992		4.873446		4.882265		4.902549		4.931921		4.969988		5.006705		5.048354		5.08652		5.099478		5.101943		5.040923		4.881482		4.616918		4.284223		3.873953		3.420766		3.030156		2.761324		2.614761		2.54621		2.519899		2.514533		2.514838		2.524168		2.590227		2.759458		2.981097		3.230034		3.516804		3.862831		4.175776		4.373842		4.429679		4.437768		4.455445		4.471698		4.446735		4.426521		4.41861		4.392261		4.339524		4.275086		4.232688		4.242729		4.317738		4.455923		4.636562		4.85679		5.134954		5.47908		5.841642		6.180185		6.500237		6.855883		7.252064		7.688179		8.163856		8.719619		9.293656		9.874894		10.41061		10.94458		11.3979		11.72408		11.92223		12.09372		12.20588		12.30008		12.37255		12.4325		12.45886		12.4654		12.45996		12.48935		12.51332		12.57753		12.62126		12.65409		12.61529		12.44853		12.19868		11.96057
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		9.522		3.651783		3.757438		3.767843		3.766975		3.779662		3.765449		3.743395		3.728037		3.750877		3.749289		3.746998		3.756077		3.767077		3.762768		3.745244		3.759113		3.760201		3.765054		3.757887		3.764256		3.771943		3.765759		3.77181		3.768516		3.764867		3.766364		3.755308		3.756072		3.755478		3.769255		3.75677		3.758617		3.755645		3.761033		3.748579		3.755696		3.761261		3.7532		3.74472		3.756375		3.776801		3.800626		3.780936		3.775528		3.783165		3.781977		3.774689		3.754943		3.767095		3.763069		3.762177		3.760527		3.758103		3.750042		3.759655		3.77222		3.775926		3.764076		3.753184		3.765366		3.771237		3.766135		3.763317		3.764762		3.762747		3.758087		3.768788		3.766313		3.77341		3.767099		3.770098		3.772194		3.780654		3.773827		3.770641		3.7738		3.774588		3.775299		3.777166		3.772408		3.77897		3.771972		3.779721		3.769562		3.769201		3.777852		3.77644		3.771602		3.774797		3.779288		3.776244		3.789851		3.786756		3.785425		3.786838		3.78117		3.790354		3.78235		3.781921		3.779828		3.784458		3.786658		3.789802		3.787262		3.790447		3.788339		3.793669		3.80543		3.817097		3.815017		3.81506		3.81531		3.817202		3.810133		3.809631		3.81189		3.80692		3.806395		3.815785		3.816375		3.815768		3.815405		3.819354		3.815236		3.795661		3.776302		3.743909		3.690993		3.674607		3.72586		3.852503		3.955353		3.950395		3.898286		3.882144		3.870314		3.866172		3.853723		3.846447		3.834471		3.830633		3.810285		3.803277		3.809317		3.822153		3.84534		3.908884		4.015382		4.119619		4.197798		4.225902		4.159522		4.038767		3.968572		3.941403		3.925443		3.915679		3.910156		3.915387		3.911545		3.917986		3.914874		3.926764		3.929476		3.926861		3.930764		3.927088		3.919301		3.916539		3.926635		3.92753		3.937432		3.944065		3.955804		3.968373		3.995235		4.019746		4.076449		4.130972		4.197261		4.26135		4.377651		4.563369		4.8677		5.154937

		12.322		3.723261		3.742716		3.75051		3.726368		3.730143		3.721357		3.707237		3.71788		3.717552		3.719605		3.736756		3.725905		3.731576		3.726544		3.736138		3.723891		3.722496		3.727937		3.727035		3.727516		3.725817		3.724949		3.723867		3.726352		3.717591		3.721855		3.714384		3.711451		3.719728		3.722327		3.725291		3.718526		3.716624		3.720844		3.724339		3.717469		3.721252		3.717413		3.717243		3.71839		3.717614		3.725808		3.728504		3.730215		3.72672		3.732268		3.733234		3.732533		3.729905		3.736428		3.732873		3.736435		3.731183		3.730832		3.734853		3.730236		3.733725		3.726134		3.731917		3.735105		3.745222		3.742664		3.741719		3.739527		3.737582		3.74453		3.741969		3.741379		3.745737		3.744327		3.749302		3.752205		3.750196		3.747927		3.755351		3.755708		3.761354		3.756622		3.755247		3.763929		3.761797		3.764148		3.763567		3.765258		3.768339		3.769043		3.765359		3.76333		3.771522		3.775008		3.778407		3.780054		3.781415		3.783167		3.782451		3.782444		3.785278		3.787981		3.790743		3.790653		3.791038		3.792682		3.787263		3.787234		3.795256		3.800383		3.804148		3.820606		3.829041		3.829157		3.820077		3.819499		3.821653		3.81549		3.821196		3.824534		3.818161		3.825709		3.831457		3.841945		3.840472		3.838781		3.836049		3.842449		3.842272		3.827269		3.811598		3.803838		3.828969		3.876861		3.933013		3.961807		3.953828		3.929934		3.901871		3.89091		3.874909		3.87813		3.889624		3.903053		3.906986		3.904029		3.908421		3.92928		3.960244		4.022238		4.143916		4.34096		4.573919		4.683291		4.664108		4.542053		4.4681		4.469356		4.486326		4.50483		4.551199		4.644479		4.839926		5.181394		5.677619		6.341737		7.157358		8.123803		9.207973		10.37007		11.44713		12.22942		12.64366		12.78716		12.83153		12.77759		12.54031		12.09054		11.27102		10.29582		9.117818		8.206216		8.255347		8.917857		9.782337		10.67429		11.36541		11.58719		11.35364

		12.622		3.583347		3.622011		3.676114		3.685656		3.676985		3.684477		3.676864		3.682074		3.703319		3.708152		3.699148		3.685732		3.707883		3.682951		3.694773		3.712914		3.703138		3.704431		3.70515		3.695197		3.697089		3.706481		3.715367		3.710385		3.724125		3.712723		3.707006		3.726639		3.720826		3.707104		3.718692		3.716717		3.725524		3.712863		3.72882		3.728833		3.725937		3.724907		3.722053		3.725505		3.722556		3.726722		3.722771		3.719907		3.724854		3.717599		3.719983		3.714025		3.723188		3.734443		3.730053		3.721563		3.725545		3.722496		3.732544		3.729639		3.72562		3.738814		3.737457		3.732759		3.728272		3.729885		3.734872		3.732627		3.734473		3.728107		3.734515		3.736876		3.737483		3.747293		3.762454		3.754719		3.747041		3.750535		3.74958		3.754449		3.752283		3.76616		3.767175		3.769314		3.763494		3.761598		3.774785		3.767723		3.764985		3.766626		3.770005		3.775401		3.779517		3.784806		3.777403		3.782246		3.775963		3.781544		3.786969		3.78644		3.785064		3.783714		3.78467		3.785528		3.789625		3.796004		3.798868		3.80353		3.802202		3.804872		3.809045		3.823082		3.827086		3.835866		3.83675		3.832517		3.826664		3.82508		3.822641		3.829228		3.833727		3.83409		3.841306		3.852089		3.854989		3.854613		3.856561		3.852633		3.847908		3.849482		3.837967		3.823845		3.822111		3.813879		3.856934		3.938902		3.963514		3.946751		3.916734		3.902196		3.895165		3.900043		3.918569		3.937281		3.942151		3.941049		3.944271		3.965683		3.997686		4.068229		4.189295		4.391857		4.62153		4.775136		4.816532		4.767124		4.741871		4.770376		4.809027		4.866899		5.033615		5.393472		5.929034		6.6951		7.520728		8.420833		9.380666		10.41825		11.50057		12.38668		12.79718		12.93358		12.87167		12.71753		12.31442		11.46634		10.14999		8.589739		7.671999		7.978546		9.243201		10.80865		12.13038		12.81635		13.11366		13.23666		13.28653		13.07274		12.66574

		12.922		3.684513		3.686651		3.657775		3.682115		3.676382		3.685442		3.682487		3.663804		3.66774		3.672807		3.673954		3.685853		3.689311		3.693418		3.686347		3.689509		3.690438		3.692429		3.696209		3.68319		3.686681		3.691572		3.686502		3.688081		3.689134		3.685239		3.683935		3.690901		3.696506		3.692761		3.688243		3.694972		3.696047		3.695889		3.69272		3.700051		3.699443		3.690547		3.686928		3.690439		3.688776		3.69435		3.702918		3.707785		3.705172		3.708632		3.714612		3.716106		3.709811		3.707457		3.707577		3.711883		3.714215		3.713978		3.711358		3.711179		3.71342		3.711007		3.710512		3.709017		3.718009		3.716038		3.718324		3.728545		3.726185		3.727235		3.724596		3.720308		3.720863		3.727221		3.732033		3.732364		3.732486		3.733518		3.737948		3.740986		3.740696		3.746319		3.75405		3.761759		3.755805		3.760724		3.760616		3.760035		3.759955		3.760535		3.765625		3.769611		3.767376		3.771661		3.774102		3.776474		3.779616		3.778447		3.782869		3.784649		3.791557		3.790627		3.797222		3.803621		3.797211		3.795726		3.801293		3.804569		3.813354		3.812412		3.818241		3.831893		3.840175		3.840604		3.841508		3.840187		3.842927		3.837613		3.833881		3.833194		3.83348		3.840949		3.846066		3.857465		3.865393		3.870284		3.872004		3.878156		3.877417		3.867583		3.855153		3.835042		3.836307		3.871876		3.93118		3.973694		3.975026		3.952126		3.936885		3.923138		3.904508		3.917733		3.94242		3.957907		3.966542		3.971515		3.984513		4.010318		4.070936		4.163701		4.325331		4.582998		4.909053		5.181624		5.238681		5.215707		5.24274		5.369886		5.663454		6.155155		6.789144		7.523898		8.331742		9.233289		10.27988		11.41973		12.31852		12.66868		12.73437		12.69324		12.53514		12.18126		11.27727		9.644199		7.988157		7.316333		7.959482		9.903946		11.92002		12.81638		13.17036		13.3765		13.4705		13.56831		13.62384		13.64693		13.61832		13.49385		13.16813

		13.222		3.692852		3.716569		3.718511		3.689151		3.665736		3.662315		3.671128		3.679366		3.680463		3.672657		3.671342		3.681347		3.670037		3.65991		3.658213		3.656179		3.666137		3.673515		3.6819		3.676729		3.672832		3.677267		3.678776		3.681597		3.686829		3.687957		3.689196		3.68855		3.68625		3.689462		3.691706		3.687251		3.690437		3.691073		3.6932		3.690863		3.690066		3.694106		3.691443		3.684482		3.685107		3.69528		3.701684		3.699327		3.702621		3.709099		3.703655		3.701737		3.700184		3.699859		3.702639		3.70505		3.703344		3.708972		3.705331		3.714633		3.710118		3.71295		3.714778		3.717201		3.720942		3.712903		3.720083		3.723123		3.721851		3.725254		3.725517		3.725269		3.731502		3.730326		3.730408		3.7318		3.734275		3.735128		3.729948		3.72508		3.732996		3.734897		3.739457		3.742818		3.741061		3.745139		3.754289		3.757763		3.761402		3.755476		3.763194		3.768494		3.770971		3.776704		3.777777		3.779376		3.78248		3.781422		3.784061		3.790943		3.796775		3.793277		3.792165		3.787389		3.789038		3.796499		3.798701		3.795162		3.800668		3.81097		3.822057		3.834464		3.841453		3.844599		3.841564		3.845159		3.837036		3.837227		3.840685		3.84169		3.848199		3.849381		3.86166		3.871335		3.874479		3.883535		3.887371		3.881935		3.882216		3.878903		3.867313		3.846435		3.857922		3.894033		3.958343		4.011857		3.998747		3.971563		3.951297		3.939649		3.925416		3.930051		3.961646		3.987971		4.00499		4.025574		4.045726		4.08813		4.15841		4.273485		4.468087		4.804487		5.3329		5.857087		6.21		6.497965		6.835613		7.24964		7.694845		8.280953		9.008406		9.908859		10.91955		11.73407		12.16021		12.33106		12.35428		12.23701		11.90741		11.23858		10.25931		8.898248		7.989664		8.287483		9.471133		10.87176		12.24047		12.82611		13.0748		13.21292		13.31803		13.39308		13.404		13.43949		13.45202		13.45788		13.42729		13.39455		13.33293

		13.522		3.533405		3.603508		3.627811		3.656846		3.656281		3.665617		3.675927		3.66097		3.663004		3.660528		3.665518		3.653709		3.660385		3.664401		3.665275		3.664782		3.662784		3.666917		3.671328		3.663676		3.666387		3.6714		3.686374		3.676597		3.66972		3.662401		3.66342		3.649763		3.665245		3.691066		3.682157		3.683212		3.683242		3.685393		3.682549		3.690259		3.69105		3.697222		3.68208		3.685622		3.690946		3.700256		3.686838		3.685139		3.694444		3.693362		3.687805		3.690505		3.693166		3.696363		3.69659		3.695407		3.696544		3.709444		3.709814		3.705488		3.712111		3.707535		3.703681		3.712042		3.71253		3.710551		3.713323		3.71021		3.714003		3.71563		3.721686		3.729342		3.722967		3.723988		3.728073		3.727777		3.733701		3.739042		3.730537		3.735528		3.73765		3.73759		3.741348		3.742371		3.748835		3.750343		3.759697		3.755684		3.758007		3.759107		3.75994		3.765879		3.775763		3.775556		3.780276		3.781939		3.780697		3.774558		3.780625		3.777654		3.792216		3.793809		3.801275		3.803397		3.797313		3.80556		3.799246		3.807549		3.816284		3.824885		3.843223		3.850605		3.842921		3.849567		3.862266		3.856226		3.853826		3.856684		3.852985		3.854673		3.854873		3.864971		3.871073		3.888439		3.891318		3.885364		3.890963		3.895733		3.899723		3.87988		3.835977		3.780389		3.790326		3.874907		3.974785		4.016298		4.02533		4.018022		4.011168		3.989945		3.977264		3.983155		4.000888		4.037817		4.071449		4.095804		4.151627		4.235275		4.348931		4.538629		4.849773		5.366914		6.23649		7.207991		8.052989		8.697972		9.125556		9.497016		9.955869		10.61582		11.32009		11.91103		12.29242		12.43626		12.36454		12.0765		11.43877		10.5682		9.557546		8.754957		8.772164		9.414829		10.2783		11.54982		12.84051		13.47833		13.73155		13.85791		13.91852		13.97955		13.99012		14.01661		13.99755		13.99419		13.99225		13.95904		13.90004		13.85102		13.67535

		13.822		3.636946		3.661653		3.63877		3.648758		3.642266		3.630442		3.637172		3.637997		3.647676		3.658459		3.659133		3.645078		3.651286		3.658515		3.658648		3.65141		3.633442		3.625655		3.634347		3.647839		3.657536		3.657943		3.651132		3.647653		3.643746		3.656866		3.657555		3.659178		3.655612		3.660691		3.661486		3.656189		3.662741		3.655773		3.659313		3.659704		3.660857		3.663428		3.668972		3.666377		3.667115		3.672039		3.668656		3.662499		3.667536		3.669212		3.672817		3.673162		3.673938		3.674708		3.67776		3.680504		3.684688		3.689487		3.692674		3.691974		3.680153		3.679465		3.685068		3.693273		3.695358		3.696863		3.700234		3.706175		3.71184		3.707497		3.708208		3.710602		3.714408		3.721533		3.727977		3.729707		3.723888		3.727031		3.732774		3.737552		3.740895		3.739573		3.737554		3.740156		3.74324		3.742978		3.751026		3.749727		3.75449		3.752806		3.755356		3.765668		3.778087		3.782534		3.780519		3.785067		3.779992		3.781209		3.787689		3.788928		3.791568		3.792822		3.802317		3.802928		3.799178		3.802441		3.808427		3.813279		3.813879		3.822235		3.833328		3.844176		3.852984		3.85573		3.856289		3.855076		3.854417		3.851026		3.857631		3.861182		3.874501		3.881018		3.893575		3.904328		3.922394		3.92566		3.932055		3.932477		3.941241		3.964328		3.977013		3.984421		3.979761		3.961842		3.979123		4.027404		4.048009		4.049751		4.047774		4.046201		4.039379		4.065665		4.108551		4.163127		4.212553		4.268216		4.351113		4.492301		4.704064		5.020941		5.500062		6.209525		7.222644		8.416974		9.43275		10.11116		10.67809		11.31454		11.99648		12.50459		12.70782		12.74361		12.66636		12.36041		11.69758		10.56056		9.015742		7.978294		8.187659		9.45905		11.2215		13.0075		13.65737		13.92331		14.04338		14.11769		14.16098		14.18243		14.20308		14.21196		14.21378		14.21434		14.21121		14.20881		14.21308		14.209		14.2057		14.20165		14.19065

		14.122		3.636203		3.660255		3.710648		3.734347		3.702272		3.695517		3.692652		3.68864		3.688649		3.700247		3.684693		3.678403		3.688921		3.687509		3.692598		3.694583		3.693725		3.692209		3.692141		3.69658		3.698759		3.691577		3.692645		3.695725		3.693859		3.694449		3.688984		3.69113		3.697125		3.701266		3.708153		3.701396		3.706942		3.712587		3.719039		3.715772		3.708912		3.706712		3.705659		3.705509		3.706239		3.723116		3.719127		3.718476		3.711917		3.708437		3.711162		3.715041		3.715533		3.712501		3.715114		3.716311		3.717862		3.722315		3.727016		3.733239		3.731143		3.731336		3.724823		3.731185		3.735301		3.733016		3.735344		3.743502		3.746174		3.743249		3.74488		3.748941		3.744974		3.748735		3.757496		3.762706		3.76391		3.761877		3.764259		3.764705		3.77203		3.770147		3.776917		3.779969		3.780781		3.785541		3.793025		3.790018		3.791189		3.79032		3.792873		3.799495		3.804761		3.812026		3.814549		3.809891		3.810342		3.814909		3.822982		3.829006		3.827854		3.828044		3.832134		3.834177		3.841366		3.839665		3.842302		3.844777		3.848801		3.864876		3.880009		3.887988		3.895045		3.897002		3.896286		3.888412		3.887741		3.887133		3.893715		3.892316		3.900777		3.905621		3.926776		3.952942		4.000844		4.074335		4.191815		4.319957		4.39923		4.338842		4.116985		3.799379		3.565541		3.557272		3.721788		3.909123		4.007473		4.048042		4.06878		4.082932		4.104064		4.133539		4.176015		4.23231		4.308987		4.413584		4.556778		4.753724		5.024072		5.336607		5.74913		6.325615		7.12928		8.07372		9.001992		9.785426		10.3971		10.97406		11.56873		11.999		12.17492		12.09181		11.70383		10.92124		9.744203		8.509452		7.782802		7.899301		8.953267		10.56493		12.27416		13.46004		14.01023		14.16323		14.26262		14.32772		14.38146		14.40774		14.4088		14.41808		14.42109		14.41192		14.39532		14.36817		14.33867		14.27343		14.19964		14.07492		13.95296

		15.422		3.884461		3.884461		3.887178		3.870331		3.892792		3.888664		3.892406		3.89377		3.884339		3.883275		3.877699		3.897495		3.888148		3.882788		3.888796		3.88156		3.881144		3.878289		3.880353		3.872172		3.869902		3.872877		3.877002		3.875727		3.874476		3.876493		3.879471		3.881689		3.876135		3.879364		3.879664		3.889465		3.889762		3.884551		3.881377		3.88738		3.889092		3.892359		3.893799		3.88857		3.896704		3.898861		3.894199		3.891655		3.886431		3.882618		3.890407		3.892288		3.89194		3.895907		3.900996		3.894267		3.895606		3.899161		3.902449		3.900259		3.901373		3.905434		3.9099		3.915605		3.918332		3.91404		3.915731		3.916862		3.920029		3.925512		3.925603		3.922368		3.927776		3.929894		3.932252		3.934635		3.929331		3.930647		3.936927		3.943863		3.942939		3.944603		3.944375		3.949956		3.947597		3.954401		3.955235		3.958176		3.961551		3.964521		3.963081		3.971602		3.976999		3.973286		3.983964		3.987628		3.991002		3.991129		3.996607		3.999846		4.002971		4.012431		4.019706		4.022656		4.026624		4.030135		4.052742		4.101876		4.183727		4.265573		4.335132		4.396594		4.46606		4.550431		4.632087		4.720552		4.80311		4.86758		4.922542		4.979045		5.037817		5.099023		5.142993		5.09445		4.910488		4.620758		4.306826		4.004462		3.687879		3.310658		2.926872		2.714261		2.751382		2.910899		3.125678		3.345059		3.58384		3.843927		4.07173		4.212034		4.292779		4.371655		4.446522		4.531472		4.602893		4.608865		4.567615		4.559209		4.643518		4.868444		5.215045		5.599836		6.121109		6.782475		7.528642		8.347205		9.140372		9.753819		10.1334		10.26039		10.10734		9.719823		9.214713		8.73092		8.508367		8.668562		9.056398		9.470017		10.05974		10.74868		11.72807		12.72595		13.36884		13.5071		13.53065		13.54879		13.54995		13.55222		13.55208		13.56018		13.55851		13.55719		13.55438		13.54717		13.5406		13.52537		13.49028		13.46686		13.43622

		16.722		3.76747		3.908342		3.925526		3.954246		3.954608		3.949357		3.917315		3.923857		3.923728		3.955021		3.945007		3.948055		3.933572		3.954361		3.944453		3.93511		3.952975		3.932909		3.960399		3.932572		3.931512		3.9572		3.938069		3.950386		3.946686		3.933803		3.938283		3.930486		3.934344		3.947109		3.941413		3.946732		3.960398		3.953715		3.96016		3.958183		3.967424		3.958909		3.955116		3.947948		3.966824		3.979138		3.965883		3.971652		3.972746		3.955435		3.971817		3.955943		3.942396		3.966415		3.969283		3.965439		3.974079		3.968355		3.963328		3.974155		3.978793		3.973595		3.972171		3.967368		3.976625		3.982254		3.97719		3.983624		3.992533		3.989912		3.995574		3.995606		3.993483		3.988533		4.00818		4.013292		4.019045		4.029292		4.026912		4.033874		4.035478		4.035706		4.041838		4.047398		4.049041		4.054427		4.056637		4.069219		4.069808		4.081593		4.097585		4.109774		4.145896		4.197842		4.303733		4.423108		4.507947		4.571579		4.622667		4.656505		4.674553		4.684359		4.693369		4.703801		4.71441		4.721043		4.726335		4.737314		4.761532		4.784804		4.818784		4.8607		4.895246		4.947984		5.021197		5.092013		5.151667		5.216336		5.239338		5.257907		5.28021		5.228314		4.998471		4.509397		3.781229		3.072716		2.664081		2.505505		2.464856		2.437109		2.413828		2.422747		2.606105		3.037848		3.592296		4.015575		4.239309		4.332902		4.400466		4.493849		4.587599		4.713607		4.873355		4.965415		4.795932		4.478254		4.323686		4.39891		4.661268		5.101829		5.733691		6.399755		7.071306		7.797515		8.498702		8.885871		8.926324		8.584154		7.916368		7.124253		6.437848		6.063173		6.261853		7.303828		9.433648		11.66275		12.82676		13.10934		13.16367		13.18429		13.18638		13.18966		13.19217		13.1929		13.19156		13.1925		13.19175		13.19184		13.19095		13.19228		13.18986		13.19011		13.185		13.17988		13.17698		13.16658		13.13358		13.06599		12.93508

		18.022		3.94763		3.99344		4.017069		4.011068		4.019553		4.007765		4.022437		4.013429		4.014668		3.996636		3.997759		3.986714		4.003621		4.026156		4.033967		4.031637		4.022874		4.026315		4.021523		4.02817		4.027747		4.03851		4.031711		4.023677		4.02358		4.010232		4.021185		4.036355		4.031838		4.031162		4.024619		4.034379		4.032949		4.034941		4.039022		4.04078		4.033325		4.037239		4.03627		4.039001		4.038942		4.035374		4.031367		4.036037		4.040922		4.048315		4.0467		4.041674		4.041774		4.046274		4.043411		4.057018		4.049224		4.044494		4.054715		4.053315		4.052943		4.060515		4.057425		4.068222		4.06557		4.067701		4.075551		4.079115		4.074033		4.079145		4.080631		4.087602		4.090982		4.09269		4.091599		4.107604		4.125466		4.150098		4.19158		4.243708		4.304441		4.374992		4.429464		4.484178		4.535585		4.563401		4.575292		4.599028		4.609029		4.622378		4.627415		4.649403		4.661737		4.672935		4.685122		4.698601		4.711341		4.719055		4.728178		4.739065		4.749864		4.764106		4.773082		4.775793		4.781014		4.800965		4.818901		4.835838		4.85422		4.885794		4.918633		4.972601		5.030161		5.089197		5.142925		5.195118		5.23497		5.251834		5.236372		5.159858		4.963874		4.591895		4.041206		3.439002		2.947418		2.651253		2.52081		2.488618		2.471414		2.446643		2.430993		2.508665		2.734742		3.097966		3.604984		4.099758		4.386316		4.517627		4.61065		4.728224		4.858142		4.908084		4.867419		4.778997		4.671552		4.618811		4.738437		5.000253		5.370254		5.735008		6.067802		6.323239		6.563172		6.752225		6.883171		6.86709		6.669206		6.371456		6.136724		6.257026		6.92688		8.184669		9.672984		11.30269		12.79526		13.48725		13.76859		13.85362		13.87582		13.88217		13.87578		13.8699		13.86448		13.86322		13.86259		13.86131		13.86176		13.85059		13.85073		13.85514		13.82538		13.82016		13.8243		13.80975		13.77151		13.75056		13.72261		13.65185		13.47043

		19.322		3.983782		4.067843		4.072837		4.033445		4.02286		4.028994		4.021162		4.011972		4.015236		4.031135		4.027897		4.026187		4.028621		4.033907		4.026423		4.027534		4.031343		4.027075		4.020451		4.016548		4.015624		4.009648		4.017289		4.023268		4.017511		4.017716		4.026132		4.024698		4.017532		4.017507		4.023105		4.022091		4.024826		4.020271		4.015129		4.016542		4.021541		4.015303		4.021021		4.01704		4.025242		4.029912		4.035833		4.038485		4.035397		4.025879		4.035094		4.038855		4.044537		4.054265		4.054091		4.054254		4.049697		4.048286		4.052888		4.053513		4.056962		4.073118		4.082971		4.092878		4.105948		4.12815		4.176179		4.240696		4.296841		4.35628		4.418603		4.466969		4.490249		4.513369		4.528576		4.540754		4.542833		4.554607		4.570926		4.574066		4.585127		4.593031		4.604956		4.614991		4.626088		4.644291		4.651221		4.668388		4.684366		4.695914		4.7093		4.716123		4.729502		4.741577		4.75399		4.763995		4.771706		4.781212		4.79314		4.800523		4.801337		4.807635		4.821576		4.839164		4.847057		4.855442		4.876776		4.896549		4.930377		4.976625		5.023593		5.083186		5.138432		5.190695		5.233942		5.265472		5.277677		5.235168		5.089281		4.805281		4.38444		3.865861		3.331112		2.888347		2.601806		2.468685		2.427362		2.413559		2.392191		2.363484		2.378515		2.519407		2.817915		3.214705		3.683168		4.11408		4.431395		4.655434		4.803062		4.908712		4.928319		4.900611		4.869949		4.825077		4.838753		4.961729		5.173338		5.396403		5.562874		5.646603		5.642018		5.580789		5.513984		5.460675		5.439541		5.511443		5.780815		6.356234		7.371968		8.800451		10.1352		11.51372		12.6725		13.43247		13.79715		13.9128		13.94432		13.94988		13.9505		13.94804		13.94042		13.92739		13.92457		13.91544		13.90799		13.91518		13.92519		13.92608		13.92519		13.92964		13.93572		13.94006		13.94432		13.94513		13.94007		13.93924		13.93576		13.92228		13.90995

		20.622		4.022556		4.022556		4.088114		4.094217		4.100268		4.108528		4.110123		4.104722		4.090119		4.092062		4.10028		4.099248		4.098351		4.103776		4.091572		4.083553		4.086329		4.092265		4.103109		4.100945		4.107182		4.103582		4.103803		4.118909		4.104513		4.112843		4.104397		4.105256		4.102011		4.10634		4.110881		4.104446		4.109092		4.117886		4.108		4.109694		4.107289		4.109238		4.108686		4.1187		4.120641		4.116262		4.115331		4.109876		4.117847		4.122758		4.130465		4.13054		4.148508		4.171461		4.197381		4.242514		4.280587		4.31707		4.346169		4.383655		4.420995		4.463829		4.490541		4.506776		4.526858		4.536383		4.54937		4.561451		4.57268		4.588275		4.59803		4.605471		4.617333		4.616699		4.628229		4.633977		4.646099		4.6578		4.683322		4.692371		4.689701		4.683522		4.693705		4.701898		4.704418		4.709943		4.732408		4.741509		4.747808		4.755309		4.766945		4.773392		4.780875		4.787596		4.793036		4.804348		4.80564		4.808133		4.812034		4.816595		4.82999		4.833701		4.840184		4.840232		4.858588		4.872988		4.888544		4.915906		4.950405		4.985985		5.019419		5.055307		5.096468		5.133186		5.16991		5.183237		5.134814		5.003577		4.792639		4.526925		4.253813		3.963848		3.636793		3.26683		2.928616		2.678677		2.539077		2.481765		2.457816		2.456994		2.50743		2.658586		2.873122		3.104206		3.333781		3.602515		3.963777		4.374637		4.676561		4.769938		4.780234		4.820033		4.89964		4.978926		5.02864		5.018096		4.990542		4.961405		4.928028		4.891796		4.882404		4.900278		4.95717		5.04534		5.22458		5.530573		6.053303		6.853893		7.847968		8.808806		9.635199		10.39848		11.08107		11.66266		12.08911		12.3244		12.33587		12.11538		11.69495		11.17546		10.67486		10.30331		10.081		9.956846		9.909266		9.882017		9.874564		9.86347		9.867031		9.887424		9.896211		9.921461		9.980061		10.04484		10.18167		10.33154		10.53155		10.76417		10.97863

		21.922		4.02842		4.02842		4.088921		4.103433		4.127951		4.137331		4.145317		4.135105		4.133643		4.120382		4.13136		4.140004		4.140494		4.132519		4.136659		4.137872		4.123472		4.125151		4.122323		4.128026		4.12474		4.123239		4.125996		4.126878		4.126144		4.124511		4.127849		4.126733		4.128756		4.134663		4.137434		4.128485		4.130579		4.13127		4.132154		4.130485		4.144643		4.158797		4.17886		4.20375		4.238948		4.285592		4.312444		4.351341		4.39005		4.420971		4.459312		4.480901		4.496753		4.507573		4.518587		4.531103		4.546436		4.554045		4.574459		4.583895		4.599286		4.607804		4.614742		4.625268		4.634578		4.645767		4.656886		4.664207		4.674097		4.676561		4.684959		4.688067		4.69141		4.697118		4.704463		4.718559		4.717781		4.720732		4.723309		4.724228		4.740047		4.748409		4.757703		4.763491		4.770874		4.778625		4.78543		4.799729		4.806913		4.812503		4.822674		4.820735		4.825091		4.834693		4.835146		4.839515		4.85012		4.856458		4.856104		4.853376		4.853146		4.866007		4.871346		4.876921		4.893278		4.905457		4.921514		4.952812		4.990247		5.029131		5.072902		5.125808		5.160302		5.193961		5.22242		5.216375		5.137755		4.959123		4.688634		4.352978		3.966212		3.557983		3.149584		2.803078		2.568793		2.451264		2.409683		2.403279		2.400019		2.386829		2.418015		2.536902		2.760681		3.031191		3.313947		3.662314		4.118764		4.562642		4.788234		4.812737		4.793612		4.823036		4.866143		4.864679		4.790823		4.725027		4.683136		4.61182		4.504927		4.383303		4.303515		4.305547		4.400544		4.603639		4.945006		5.413414		6.032886		6.77467		7.45853		7.947169		8.235335		8.302519		8.155643		7.800306		7.305678		6.721838		6.14084		5.625465		5.186872		4.846909		4.629926		4.511146		4.444311		4.406588		4.390087		4.374019		4.37273		4.372277		4.389978		4.436269		4.512193		4.676949		4.984165		5.522241		6.391363		7.55679		8.788337		9.84449		10.53069

		23.222		4.156106		4.098856		4.098856		4.156106		4.154662		4.169934		4.173685		4.165048		4.176486		4.149066		4.143848		4.15715		4.177847		4.178573		4.189838		4.184741		4.174532		4.188139		4.182912		4.183006		4.179214		4.186319		4.190662		4.180915		4.185161		4.182713		4.186574		4.215063		4.233661		4.26398		4.290351		4.315666		4.337448		4.364038		4.387379		4.41874		4.443892		4.469407		4.493229		4.499108		4.500072		4.510997		4.511514		4.531978		4.540043		4.552557		4.574377		4.591984		4.607814		4.61524		4.635735		4.641063		4.653557		4.652456		4.669427		4.676793		4.686374		4.697315		4.699139		4.709403		4.713034		4.722482		4.726705		4.729232		4.740111		4.746668		4.755955		4.758081		4.766038		4.765678		4.780699		4.782468		4.776086		4.780613		4.783098		4.792584		4.789423		4.800531		4.800503		4.802785		4.811681		4.813636		4.822614		4.815012		4.817222		4.830921		4.839718		4.836186		4.839724		4.845449		4.849867		4.854431		4.861189		4.871448		4.8769		4.882259		4.887935		4.891413		4.905361		4.919775		4.930821		4.938961		4.956376		4.989257		5.011943		5.04695		5.082231		5.119297		5.150798		5.176211		5.177066		5.106014		4.944581		4.694471		4.44585		4.231571		4.038775		3.835568		3.621669		3.376182		3.093524		2.827826		2.648266		2.562337		2.531539		2.526345		2.570118		2.707874		2.932078		3.174294		3.402247		3.617316		3.814485		3.976407		4.087832		4.249413		4.486852		4.717282		4.819047		4.808691		4.741306		4.638357		4.527061		4.448462		4.442394		4.456136		4.479911		4.58253		4.770982		4.980633		5.189322		5.382999		5.581927		5.796388		6.009993		6.238037		6.495485		6.746077		6.893819		6.967859		6.990954		7.018333		7.099228		7.22298		7.359653		7.438075		7.479273		7.503394		7.548099		7.651451		7.735901		7.80507		7.868551		7.944744		8.090432		8.351656		8.754501		9.187124		9.608559		10.03967		10.47575		10.90131		11.34174		11.6672		11.8139

		24.022		4.123038		4.174597		4.223311		4.225134		4.212621		4.191757		4.187755		4.204107		4.206384		4.196553		4.185373		4.168158		4.181258		4.171971		4.170646		4.173947		4.174523		4.191675		4.196581		4.202732		4.21468		4.225379		4.271413		4.305066		4.346939		4.385641		4.408337		4.441628		4.456351		4.459727		4.467542		4.481444		4.49842		4.5135		4.514487		4.520221		4.536415		4.547488		4.553854		4.556241		4.567874		4.583546		4.597608		4.60615		4.611039		4.623494		4.639567		4.652962		4.661683		4.670494		4.682585		4.694291		4.704313		4.713856		4.718396		4.727048		4.736178		4.737039		4.738997		4.741247		4.742622		4.741288		4.746402		4.75319		4.765485		4.769989		4.765662		4.772083		4.774259		4.778511		4.775123		4.783205		4.793511		4.797669		4.804301		4.809911		4.808189		4.81388		4.822117		4.833487		4.831837		4.839534		4.844973		4.857645		4.865999		4.862089		4.866706		4.872898		4.882804		4.882768		4.886933		4.887124		4.88701		4.891259		4.896312		4.905094		4.910273		4.921401		4.933745		4.949233		4.963481		4.981112		5.007062		5.052342		5.104975		5.162971		5.214665		5.25595		5.284087		5.300428		5.283893		5.213564		4.99731		4.588577		3.995843		3.395156		2.952383		2.716123		2.610939		2.580026		2.580157		2.589457		2.605614		2.621172		2.625556		2.628539		2.633913		2.71025		2.96154		3.418332		4.001915		4.523064		4.838391		4.979815		4.981348		4.877471		4.766403		4.727024		4.758041		4.751164		4.660069		4.507785		4.357466		4.242921		4.155599		4.090154		4.078391		4.18159		4.44708		4.863542		5.369284		5.85563		6.23843		6.52454		6.739475		6.970251		7.289448		7.712845		8.23523		8.762301		9.30196		9.878835		10.4612		10.96386		11.28373		11.43184		11.50272		11.58786		11.61852		11.6252		11.6802		11.72429		11.79148		11.89909		12.04399		12.21272		12.34442		12.42876		12.51872		12.64326		12.70335		12.75087		12.79835		12.74644		12.53193

		24.522		4.131847		4.131847		4.180038		4.133549		4.176497		4.180309		4.178518		4.182215		4.176776		4.164769		4.175599		4.176462		4.180338		4.191438		4.191805		4.190679		4.200945		4.217891		4.248092		4.289176		4.310569		4.333941		4.370582		4.397444		4.415421		4.448963		4.463303		4.479836		4.48069		4.490498		4.504403		4.519742		4.530956		4.532207		4.542041		4.554402		4.565437		4.571001		4.580975		4.591931		4.600268		4.61521		4.628151		4.63356		4.646253		4.665369		4.677162		4.683538		4.696056		4.703691		4.711612		4.723728		4.73282		4.742333		4.742992		4.754937		4.762117		4.763608		4.762229		4.764294		4.775092		4.776771		4.784097		4.787317		4.791157		4.795128		4.797671		4.79713		4.806745		4.815051		4.81648		4.827548		4.817743		4.819793		4.83031		4.838484		4.840008		4.842375		4.84491		4.845393		4.857883		4.863903		4.871194		4.874876		4.873687		4.878368		4.88803		4.895053		4.893562		4.898452		4.906126		4.919354		4.916698		4.918301		4.919733		4.926979		4.933885		4.944596		4.955775		4.963452		4.984257		5.0107		5.045749		5.079927		5.113753		5.154566		5.194566		5.23635		5.248962		5.267457		5.209704		5.037375		4.762266		4.454735		4.171784		3.896235		3.58172		3.248802		2.903728		2.663473		2.551824		2.520314		2.516037		2.518118		2.520992		2.531843		2.602972		2.787616		3.050745		3.323203		3.592997		3.868112		4.137281		4.373383		4.55875		4.713262		4.829925		4.87998		4.821372		4.699143		4.592953		4.53203		4.496756		4.436424		4.371226		4.314915		4.331663		4.483923		4.722653		4.941106		5.137072		5.383037		5.699943		6.067345		6.464811		6.922662		7.443336		8.019015		8.643937		9.325118		10.06912		10.83979		11.5634		12.23683		12.81544		13.25594		13.52348		13.60758		13.67038		13.69209		13.71121		13.72262		13.72339		13.72977		13.76572		13.81128		13.8449		13.87778		13.91603		13.94586		14.0258		14.06293		14.08951		14.10781		14.05611

		25.022		4.111639		4.111639		4.156603		4.1509		4.151832		4.146935		4.174196		4.169355		4.176068		4.178759		4.181758		4.173482		4.186716		4.189111		4.209599		4.236222		4.294419		4.352443		4.371761		4.390868		4.416203		4.437582		4.448518		4.480104		4.476449		4.478642		4.494189		4.48928		4.502371		4.506931		4.520846		4.526814		4.532047		4.55099		4.565955		4.564638		4.572462		4.593059		4.609999		4.618139		4.622363		4.631852		4.645376		4.659085		4.669982		4.687601		4.690786		4.69939		4.707434		4.722814		4.742157		4.745289		4.745696		4.751797		4.757943		4.763814		4.775161		4.775132		4.772563		4.783219		4.785754		4.786066		4.798417		4.803148		4.808406		4.801486		4.7994		4.810135		4.801769		4.803754		4.804238		4.816334		4.823654		4.831743		4.836767		4.843327		4.840943		4.847467		4.85361		4.85431		4.857325		4.867292		4.871077		4.878116		4.886875		4.902062		4.911083		4.921089		4.917608		4.914539		4.916163		4.918733		4.925112		4.930741		4.935389		4.948435		4.953074		4.959118		4.971084		4.984797		5.005585		5.030585		5.056638		5.090376		5.132669		5.188558		5.241		5.27563		5.320413		5.349503		5.356253		5.352213		5.244353		4.895163		4.295081		3.639521		3.058584		2.644475		2.457041		2.413958		2.41555		2.432472		2.453197		2.474878		2.494347		2.505548		2.507861		2.529016		2.649724		2.991416		3.541136		4.072185		4.499285		4.842663		5.026476		5.001432		4.8507		4.750449		4.737874		4.752113		4.707725		4.593856		4.447603		4.30575		4.199986		4.134886		4.112046		4.145404		4.297994		4.637455		5.107197		5.553587		5.978367		6.370536		6.764524		7.235595		7.843911		8.634712		9.646012		10.86665		12.16367		13.3864		14.22564		14.663		14.95364		15.09028		15.15821		15.19837		15.22898		15.19547		15.2184		15.22409		15.23548		15.21744		15.21816		15.19724		15.23435		15.26262		15.31631		15.3117		15.38351		15.40471		15.40732		15.36082		15.17567

		25.522		4.043916		4.202116		4.183462		4.169761		4.210988		4.156053		4.145345		4.227212		4.258741		4.197217		4.256788		4.338397		4.345284		4.379319		4.403193		4.434671		4.426435		4.463141		4.457527		4.447639		4.425891		4.46173		4.461791		4.46907		4.506928		4.521204		4.564303		4.568083		4.574838		4.566638		4.559976		4.593978		4.598627		4.608197		4.610063		4.601112		4.641325		4.643718		4.65073		4.638937		4.648089		4.673731		4.703713		4.723821		4.72623		4.73718		4.715688		4.755683		4.743274		4.755378		4.75335		4.762055		4.790475		4.793591		4.783678		4.779633		4.774034		4.791064		4.788408		4.796524		4.788252		4.796739		4.811553		4.808996		4.806544		4.822018		4.825508		4.809651		4.812848		4.819222		4.825388		4.820109		4.827934		4.827932		4.841774		4.82775		4.834849		4.857666		4.863128		4.877672		4.85804		4.861052		4.873652		4.88431		4.878632		4.878652		4.891281		4.898051		4.922872		4.908899		4.913594		4.921869		4.934274		4.929717		4.957019		4.954908		4.956144		4.981141		5.002165		5.00729		5.025054		5.076755		5.110471		5.150129		5.209767		5.264715		5.303126		5.309279		5.351111		5.333869		5.282562		5.059122		4.636495		4.11658		3.5146		2.982852		2.594565		2.427848		2.395918		2.410689		2.42271		2.437416		2.450105		2.475456		2.486137		2.48414		2.494247		2.604849		2.925478		3.40811		4.057952		4.596984		4.890729		4.943328		4.904819		4.860381		4.812388		4.763651		4.717521		4.658176		4.56618		4.449418		4.318039		4.245223		4.191025		4.165191		4.196479		4.354982		4.692367		5.164892		5.628059		6.101297		6.555876		7.05254		7.549061		8.204425		9.079325		10.19259		11.44452		12.62348		13.78178		14.63137		15.3237		15.63571		15.82634		15.9205		15.92199		15.97705		16.0053		15.99632		15.97409		15.96926		15.96055		15.98451		16.00388		15.93083		15.92746		15.96017		15.97245		15.94374		15.89399		15.68618		15.35052		14.89996		14.1129

		26.022		4.218079		4.218079		4.217068		4.217658		4.258803		4.239888		4.29316		4.323922		4.337177		4.365548		4.370992		4.423559		4.421497		4.427269		4.450156		4.438224		4.449287		4.455944		4.462055		4.460296		4.485014		4.485808		4.508786		4.493493		4.551116		4.557048		4.527005		4.547114		4.556028		4.576809		4.567294		4.581658		4.59108		4.589365		4.614121		4.619444		4.627605		4.648551		4.668632		4.647374		4.665576		4.682319		4.681896		4.70065		4.709092		4.721671		4.720029		4.728926		4.739969		4.750368		4.761565		4.76395		4.765859		4.782453		4.787271		4.78759		4.786624		4.79328		4.799003		4.785317		4.784549		4.78759		4.797169		4.796841		4.802013		4.808495		4.801197		4.802401		4.800021		4.796751		4.800442		4.801681		4.806965		4.825697		4.842447		4.856742		4.850431		4.847889		4.854131		4.861236		4.86124		4.868162		4.888633		4.889278		4.885182		4.894229		4.901745		4.906756		4.910937		4.918694		4.927996		4.921001		4.92789		4.933077		4.941914		4.959178		4.965469		4.974826		4.98531		4.999186		5.021144		5.048027		5.08247		5.133675		5.17714		5.218597		5.252098		5.29169		5.327571		5.32179		5.226402		5.001271		4.662194		4.295169		3.986329		3.668427		3.285799		2.874382		2.603928		2.489579		2.47314		2.488965		2.504937		2.51406		2.52297		2.526804		2.576235		2.711901		2.943224		3.212487		3.488399		3.825331		4.237464		4.575311		4.758702		4.80991		4.842155		4.8387		4.753598		4.616444		4.518499		4.488261		4.465438		4.40378		4.320784		4.264956		4.312266		4.489317		4.752049		5.051198		5.341941		5.692394		6.174933		6.798817		7.493338		8.221341		9.029905		9.973243		11.02069		12.02155		12.92608		13.69082		14.33013		14.68617		14.85562		14.93969		14.9914		14.9914		15.03147		15.03328		15.02435		15.02404		15.02007		15.00361		15.01073		14.99831		15.00638		14.99763		14.9894		14.98483		15.02517		15.02932		15.01692		15.00769		14.94685
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0.2033	0.1524	0.1095	0.0655	0.0551	0.0557	0.0772	0.1554	0.1778	0.2217	0.2651	0.3017	0.3389	0.3773	0.4147	0.4341	0.4322	0.4589	0.4539	0.4574	0.4545	0.4360	0.4474	0.4164	0.4093	0.4013	0.3918	0.3817	0.3860	0.3680	0.3728	0.3830	0.3968	0.4121	0.4555	0.4877	0.5345	0.5787	0.6321	0.6678	0.7120	0.7652	0.8114	0.8903	0.9973	1.1186	1.2843	1.5190	1.8390	2.4026	2.8721	3.1596	3.2783	3.2915	3.2919	3.2356	3.1135	3.0414	2.9654	2.8846	2.8291	2.6986	2.6027	2.5981	2.6136	2.6067	2.5539	2.4437	2.1969	1.4811	1.8023	2.4974	2.6989	2.6820	2.6986	2.6985	2.6980	2.6975	2.6970	2.6973	2.7119	2.7939	2.7984	2.9023	3.0316	3.2029	3.4065	3.6392	3.8929	4.1927	4.5327	4.9700	6.1268	6.1539	6.0928	6.0107	5.9074	5.8051	5.6928	5.6080	5.5684	5.5354	5.5134	5.4971	5.4714	5.4446	5.4135	5.3760	5.3474	5.3238	5.2872	5.2490	5.2366	5.2276	5.2209	5.2120	5.2020	5.1893	5.1705	5.1493	5.1259	5.1021	5.0804	5.0624	5.0474	5.0357	5.0283	5.0191	5.0139	5.0091	5.0053	5.0045	5.0010	4.9944	4.9796	4.9693	4.9582	4.9499	4.9380	4.9259	4.9128	4.8947	4.8848	4.8822	4.8769	4.8728	4.8699	4.8664	4.8628	4.8648	4.8643	4.8646	4.8638	4.8620	4.8615	4.8608	4.8580	4.8561	4.8556	4.8547	4.8561	4.8560	4.8566	4.8566	4.8566	4.8579	4.8647	4.8675	4.8724	4.8777	4.8827	4.8876	4.8957	4.9022	4.9095	4.9209	4.9289	4.9371	4.9433	4.9488	4.9541	4.9594	4.9647	4.9719	4.9852	4.9954	5.0046	5.0136	5.0232	5.0338	5.0490	5.0653	5.0882	5.1334	5.1628	5.1952	5.2280	5.2562	5.2769	5.2881	5.2881	5.2769	5.2562	5.2280	5.1952	5.1628	5.1334	5.0882	5.0653	5.0490	5.0338	5.0232	5.0136	5.0046	4.9954	4.9852	4.9719	4.9647	4.9594	4.9541	4.9488	4.9433	4.9371	4.9289	4.9209	4.9095	4.9022	4.8957	4.8876	4.8827	4.8777	4.8724	4.8675	4.8647	4.8579	4.8566	4.8566	4.8566	4.8560	4.8561	4.8547	4.8556	4.8561	4.8580	4.8608	4.8615	4.8620	4.8638	4.8646	4.8643	4.8648	4.8628	4.8664	4.8699	4.8728	4.8769	4.8822	4.8848	4.8947	4.9128	4.9259	4.9380	4.9499	4.9582	4.9693	4.9796	4.9944	5.0010	5.0045	5.0053	5.0091	5.0139	5.0191	5.0283	5.0357	5.0474	5.0624	5.0804	5.1021	5.1259	5.1493	5.1705	5.1893	5.2020	5.2120	5.2209	5.2276	5.2366	5.2490	5.2872	5.3238	5.3474	5.3760	5.4135	5.4446	5.4714	5.4971	5.5134	5.5354	5.5684	5.6080	5.6928	5.8051	5.9074	6.0107	6.0928	6.1539	6.1268	4.9700	4.5327	4.1927	3.8929	3.6392	3.4065	3.2029	3.0316	2.9023	2.7984	2.7939	2.7119	2.6973	2.6970	2.6975	2.6980	2.6985	2.6986	2.6820	2.6989	2.4974	1.8023	1.4811	2.1969	2.4437	2.5539	2.6067	2.6136	2.5981	2.6027	2.6986	2.8291	2.8846	2.9654	3.0414	3.1135	3.2356	3.2919	3.2915	3.2783	3.1596	2.8721	2.4026	1.8390	1.5190	1.2843	1.1186	0.9973	0.8903	0.8114	0.7652	0.7120	0.6678	0.6321	0.5787	0.5345	0.4877	0.4555	0.4121	0.3968	0.3830	0.3728	0.3680	0.3860	0.3817	0.3918	0.4013	0.4093	0.4164	0.4474	0.4360	0.4545	0.4574	0.4539	0.4589	0.4322	0.4341	0.4147	0.3773	0.3389	0.3017	0.2651	0.2217	0.1778	0.1554	0.0772	0.0557	0.0551	0.0655	0.1095	0.1524	0.2033
0.2020	0.1496	0.1073	0.0652	0.0540	0.0568	0.0771	0.1554	0.1827	0.2211	0.2645	0.3020	0.3388	0.3773	0.4145	0.4334	0.4319	0.4586	0.4532	0.4570	0.4542	0.4356	0.4469	0.4163	0.4088	0.4012	0.3916	0.3812	0.3859	0.3679	0.3725	0.3830	0.3967	0.4118	0.4551	0.4876	0.5343	0.5784	0.6321	0.6676	0.7118	0.7647	0.8097	0.8908	0.9938	1.1283	1.2850	1.5070	1.8319	2.3997	2.8674	3.1538	3.2780	3.2913	3.2925	3.2363	3.1140	3.0419	2.9659	2.8851	2.8294	2.6997	2.6031	2.5964	2.6123	2.6059	2.5535	2.4417	2.1989	1.4768	1.7884	2.4352	2.6986	2.6790	2.6903	2.6983	2.6978	2.6973	2.6968	2.6970	2.7097	2.7944	2.7969	2.8998	3.0289	3.1994	3.4018	3.6335	3.8862	4.1841	4.5215	4.9567	5.9129	6.1572	6.0967	6.0152	5.9157	5.8103	5.6996	5.6109	5.5711	5.5377	5.5160	5.4997	5.4739	5.4473	5.4166	5.3790	5.3501	5.3270	5.2926	5.2515	5.2389	5.2299	5.2231	5.2143	5.2044	5.1920	5.1737	5.1523	5.1287	5.1051	5.0839	5.0649	5.0501	5.0384	5.0314	5.0218	5.0164	5.0117	5.0080	5.0073	5.0040	4.9977	4.9827	4.9725	4.9615	4.9533	4.9415	4.9295	4.9168	4.8981	4.8884	4.8858	4.8805	4.8770	4.8739	4.8704	4.8668	4.8687	4.8682	4.8686	4.8678	4.8661	4.8655	4.8650	4.8629	4.8603	4.8599	4.8590	4.8604	4.8604	4.8611	4.8611	4.8611	4.8625	4.8691	4.8719	4.8770	4.8823	4.8874	4.8923	4.9004	4.9069	4.9142	4.9254	4.9336	4.9416	4.9481	4.9536	4.9589	4.9643	4.9695	4.9767	4.9899	5.0004	5.0096	5.0188	5.0284	5.0390	5.0543	5.0706	5.0931	5.1388	5.1683	5.2008	5.2336	5.2618	5.2825	5.2937	5.2937	5.2825	5.2618	5.2336	5.2008	5.1683	5.1388	5.0931	5.0706	5.0543	5.0390	5.0284	5.0188	5.0096	5.0004	4.9899	4.9767	4.9695	4.9643	4.9589	4.9536	4.9481	4.9416	4.9336	4.9254	4.9142	4.9069	4.9004	4.8923	4.8874	4.8823	4.8770	4.8719	4.8691	4.8625	4.8611	4.8611	4.8611	4.8604	4.8604	4.8590	4.8599	4.8603	4.8629	4.8650	4.8655	4.8661	4.8678	4.8686	4.8682	4.8687	4.8668	4.8704	4.8739	4.8770	4.8805	4.8858	4.8884	4.8981	4.9168	4.9295	4.9415	4.9533	4.9615	4.9725	4.9827	4.9977	5.0040	5.0073	5.0080	5.0117	5.0164	5.0218	5.0314	5.0384	5.0501	5.0649	5.0839	5.1051	5.1287	5.1523	5.1737	5.1920	5.2044	5.2143	5.2231	5.2299	5.2389	5.2515	5.2926	5.3270	5.3501	5.3790	5.4166	5.4473	5.4739	5.4997	5.5160	5.5377	5.5711	5.6109	5.6996	5.8103	5.9157	6.0152	6.0967	6.1572	5.9129	4.9567	4.5215	4.1841	3.8862	3.6335	3.4018	3.1994	3.0289	2.8998	2.7969	2.7944	2.7097	2.6970	2.6968	2.6973	2.6978	2.6983	2.6903	2.6790	2.6986	2.4352	1.7884	1.4768	2.1989	2.4417	2.5535	2.6059	2.6123	2.5964	2.6031	2.6997	2.8294	2.8851	2.9659	3.0419	3.1140	3.2363	3.2925	3.2913	3.2780	3.1538	2.8674	2.3997	1.8319	1.5070	1.2850	1.1283	0.9938	0.8908	0.8097	0.7647	0.7118	0.6676	0.6321	0.5784	0.5343	0.4876	0.4551	0.4118	0.3967	0.3830	0.3725	0.3679	0.3859	0.3812	0.3916	0.4012	0.4088	0.4163	0.4469	0.4356	0.4542	0.4570	0.4532	0.4586	0.4319	0.4334	0.4145	0.3773	0.3388	0.3020	0.2645	0.2211	0.1827	0.1554	0.0771	0.0568	0.0540	0.0652	0.1073	0.1496	0.2020
0.2007	0.1483	0.1060	0.0641	0.0534	0.0564	0.0765	0.1596	0.1831	0.2213	0.2647	0.3016	0.3389	0.3762	0.4145	0.4320	0.4288	0.4597	0.4574	0.4570	0.4508	0.4373	0.4460	0.4172	0.4069	0.4000	0.3923	0.3806	0.3868	0.3680	0.3716	0.3829	0.3966	0.4116	0.4548	0.4875	0.5340	0.5780	0.6318	0.6675	0.7117	0.7643	0.8091	0.8896	0.9927	1.1263	1.2821	1.4943	1.8217	2.3888	2.8344	3.1957	3.2781	3.2910	3.2937	3.2371	3.1148	3.0423	2.9668	2.8861	2.8304	2.7011	2.6033	2.5944	2.6104	2.6040	2.5533	2.4399	2.2006	1.4729	1.7749	2.3982	2.6984	2.6811	2.6812	2.6981	2.6976	2.6971	2.6966	2.6967	2.7075	2.7949	2.7953	2.8972	3.0264	3.1959	3.3976	3.6283	3.8798	4.1758	4.5106	4.9436	5.7849	6.1605	6.1007	6.0197	5.9224	5.8154	5.7062	5.6139	5.5738	5.5435	5.5186	5.5023	5.4768	5.4501	5.4195	5.3833	5.3529	5.3302	5.2967	5.2561	5.2411	5.2321	5.2257	5.2166	5.2068	5.1945	5.1770	5.1550	5.1316	5.1081	5.0873	5.0674	5.0527	5.0412	5.0344	5.0251	5.0191	5.0144	5.0108	5.0100	5.0070	5.0009	4.9863	4.9757	4.9648	4.9566	4.9450	4.9330	4.9206	4.9015	4.8918	4.8892	4.8840	4.8814	4.8779	4.8743	4.8706	4.8726	4.8722	4.8725	4.8718	4.8701	4.8695	4.8691	4.8677	4.8645	4.8641	4.8633	4.8646	4.8647	4.8654	4.8654	4.8655	4.8670	4.8734	4.8762	4.8815	4.8868	4.8920	4.8968	4.9051	4.9115	4.9189	4.9298	4.9381	4.9462	4.9528	4.9583	4.9636	4.9689	4.9743	4.9815	4.9944	5.0051	5.0143	5.0235	5.0331	5.0438	5.0591	5.0755	5.0979	5.1440	5.1736	5.2061	5.2391	5.2675	5.2883	5.2995	5.2995	5.2883	5.2675	5.2391	5.2061	5.1736	5.1440	5.0979	5.0755	5.0591	5.0438	5.0331	5.0235	5.0143	5.0051	4.9944	4.9815	4.9743	4.9689	4.9636	4.9583	4.9528	4.9462	4.9381	4.9298	4.9189	4.9115	4.9051	4.8968	4.8920	4.8868	4.8815	4.8762	4.8734	4.8670	4.8655	4.8654	4.8654	4.8647	4.8646	4.8633	4.8641	4.8645	4.8677	4.8691	4.8695	4.8701	4.8718	4.8725	4.8722	4.8726	4.8706	4.8743	4.8779	4.8814	4.8840	4.8892	4.8918	4.9015	4.9206	4.9330	4.9450	4.9566	4.9648	4.9757	4.9863	5.0009	5.0070	5.0100	5.0108	5.0144	5.0191	5.0251	5.0344	5.0412	5.0527	5.0674	5.0873	5.1081	5.1316	5.1550	5.1770	5.1945	5.2068	5.2166	5.2257	5.2321	5.2411	5.2561	5.2967	5.3302	5.3529	5.3833	5.4195	5.4501	5.4768	5.5023	5.5186	5.5435	5.5738	5.6139	5.7062	5.8154	5.9224	6.0197	6.1007	6.1605	5.7849	4.9436	4.5106	4.1758	3.8798	3.6283	3.3976	3.1959	3.0264	2.8972	2.7953	2.7949	2.7075	2.6967	2.6966	2.6971	2.6976	2.6981	2.6812	2.6811	2.6984	2.3982	1.7749	1.4729	2.2006	2.4399	2.5533	2.6040	2.6104	2.5944	2.6033	2.7011	2.8304	2.8861	2.9668	3.0423	3.1148	3.2371	3.2937	3.2910	3.2781	3.1957	2.8344	2.3888	1.8217	1.4943	1.2821	1.1263	0.9927	0.8896	0.8091	0.7643	0.7117	0.6675	0.6318	0.5780	0.5340	0.4875	0.4548	0.4116	0.3966	0.3829	0.3716	0.3680	0.3868	0.3806	0.3923	0.4000	0.4069	0.4172	0.4460	0.4373	0.4508	0.4570	0.4574	0.4597	0.4288	0.4320	0.4145	0.3762	0.3389	0.3016	0.2647	0.2213	0.1831	0.1596	0.0765	0.0564	0.0534	0.0641	0.1060	0.1483	0.2007
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